Northern Illinois University

Huskie Commons
Graduate Research Theses & Dissertations

Graduate Research & Artistry

2015

Plant-virus interactions : suppression activity of the viral proteins,
coat protein trans effects on recombination, and viral host-RNA
encapsidation in horizontal gene transfer
Philipp Heinrich Weber

Follow this and additional works at: https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations

Recommended Citation
Weber, Philipp Heinrich, "Plant-virus interactions : suppression activity of the viral proteins, coat protein
trans effects on recombination, and viral host-RNA encapsidation in horizontal gene transfer" (2015).
Graduate Research Theses & Dissertations. 4411.
https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations/4411

This Dissertation/Thesis is brought to you for free and open access by the Graduate Research & Artistry at Huskie
Commons. It has been accepted for inclusion in Graduate Research Theses & Dissertations by an authorized
administrator of Huskie Commons. For more information, please contact jschumacher@niu.edu.

ABSTRACT
PLANT-VIRUS INTERACTIONS: SUPPRESSION ACTIVITY OF THE VIRAL PROTEINS,
COAT PROTEIN TRANS EFFECTS ON RECOMBINATION, AND VIRAL HOST-RNA
ENCAPSIDATION IN HORIZONTAL GENE TRANSFER
Philipp Heinrich Weber, PhD
Department of Biological Sciences
Northern Illinois University, 2015
Prof. Jozef J. Bujarski, Director

Virus-host interactions are complex and have been a driving force of the everlasting
evolutionary progress of both virus and host. Ever since the first virus infection took place, it has
been an arms race of defense and counterdefense between virus and host. To further uncover the
underpinnings of this arms race, plant RNA viruses were utilized to uncover the mechanisms of
virus-host interactions. Three projects were chosen that focus on different aspects of the viral
interaction. Specifically, three separate projects investigated viral-host relationships in
suppression activities of the viral proteins, coat protein’s trans effect on recombination, and coencapsidation of host-RNA. The first project focused on the host effect on the virus through the
RNA silencing system that can degrade viral RNA. Additionally, the possibility that virus-host
interactions might provide an evolutionary advantage in favor of the host was investigated.
This type of interaction where the host influences the virus was explored by testing the
proteins encoded by the Brome mosaic virus (BMV) for their silencing suppression activity.
Surprisingly, none of the proteins demonstrated local or systemic RNA silencing suppression
activity. The proteins were not able to recover silenced green fluorescence protein (GFP), nor did
they show the ability to suppress the two types of siRNAs, 21-22 nucleotides (nt) and 25nt. The
lack of suppression activity of the proteins gives the host an advantage in host-virus interactions

that has to be compensated by the virus. BMV might evade silencing in membrane-bound
vesicles, which are shaped through invaginations at the endoplasmic reticulum.
The second project studied the virus’s effect on itself through recombination. This level
of interaction was analyzed via the trans effect of the coat protein (CP) on recombination. The
coat protein promotes recombination in a trans-acting manner. The in vivo experiments with five
different mutated coat protein genes revealed that CP’s B-box binding domain promotes
recombination by slowing RNA polymerase, whereas the stem-loop C (SLC) binding domain
induces recombination by binding CP at the same time to sgRNA3a and bringing the two RNAs
in close proximity. The C-terminus of CP also plays a role in recombination and virion stability.
RNA4 encapsidation was shown to be dependent on the N-terminus of CP. These results
corroborate similar studies, further confirming and strengthening the theories on the molecular
mechanisms of BMV RNA recombination driven by CP as a trans-acting factor.
The third project examined the relationship between virus and host through horizontal
gene transfer on an evolutionary time scale. Two Bromoviridae model viruses were extracted
from different hosts and their RNA virion content was sequenced using Next Generation
Sequencing (NGS). Both viruses co-encapsidated different patterns and quantities of host-RNAs.
The co-encapsidation rate was host dependent, whereas the type of RNA co-encapsidated was
virus specific. Transposable elements were found among the genetic material in all cases. These
findings support the theory that RNA viruses have acted as vectors in horizontal gene transfer
and have benefited their hosts through an evolutionary time scale.
Together these three projects examined multiple facets of virus-host interactions and have
provided a greater understanding of the complex relationship. Virus and host influence each
other on an immediate level by RNA silencing but also on an evolutionary time scale through

horizontal gene transfer. The results suggest that host-viral evolution involves selection for
behavioral adaptations, such as the specific encapsidation host-RNA. Intrinsic molecular
mechanisms are also used in host-viral evolution in form of CP trans-activated recombination, to
keep pace in the host-virus arms race. Further work in this area may likewise identify unique
RNA virus adaptations that can be targeted for therapies of viral disease.

2
NORTHERN ILLINOIS UNIVERSITY
DE KALB, ILLINOIS

DECEMBER 2015

PLANT-VIRUS INTERACTIONS: SUPPRESSION ACTIVITY OF THE VIRAL PROTEINS,
COAT PROTEIN TRANS EFFECTS ON RECOMBINATION, AND VIRAL HOST-RNA
ENCAPSIDATION IN HORIZONTAL GENE TRANSFER
BY
PHILIPP HEINRICH WEBER
©2015 Philipp Heinrich Weber

A DISSERTATION SUBMITTED TO THE GRADUATE SCHOOL
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE
DOCTOR OF PHILOSOPHY

DEPARTMENT OF BIOLOGICAL SCIENCES

Doctoral Director:
Prof. Jozef J. Bujarski

3

ACKNOWLEDGEMENTS
I sincerely thank Prof. Bujarski for his guidance, support, and encouragement, as well as
Prof. Holbrook, Prof. Bode, Prof. Zhou, Prof. King, and Prof. Gasser for their valuable input and
comments. I want to thank Mrs. Alexandra Bujarska specifically for creating the K/R-series. I
am grateful to my current and former lab mates as well as William Wysocki and Prof. Duvall. I
also want to thank Dr. Adrian Valli from Prof. Baulcombe’s lab, which I want to thank for all his
quick, elaborate, and very helpful e-mail replies. The next person I want to thank is Dr. Canto,
who made us the 2b-construct, pROK vector and the agrobacteria available and helped us with
his very good advice. Prof. C. Cheng Kao needs to be thanked too because he generously sent us
the RNA1 and RNA2 constructs.

4

TABLE OF CONTENTS
LIST OF TABLES………………………………………………………………………………..vi
LIST OF FIGURES.…………………………………………………………………………….vii
GENERAL INTRODUCTION: THE MOLECULAR BIOLOGY OF
BROME MOSAIC BROMOVIRUS………………………………………...................................1
Replication and Encapsidation…………………………………………………….………5
Objective…………………………………………………………………………………..9
CHAPTER I. RNA SILENCING: SUPPRESSION ACTIVITY OF
THE PROTEINS ENCODED BY THE BROME MOSAIC VIRUS RNAs…...............................10
Introduction……………………………………………………………............................10
RNA Interference………………………………………………………….……..10
Virus-Induced Gene Silencing (VIGS)……..…………………............................14
Plant RNA Silencing Suppressor Groups……..…………………………………19
Methods………………………………………………………………..............................20
Constructs………………………………………………………………………..20
Transient Expression of Genes in Plant Tissue………...…………………….….22
Protein Analysis…….…………………………………………..………………..23
Small RNA (siRNA) and mRNA Extraction from
Leaf Tissue of 16c N. benthamiana……………………………………………..24
Polyacrylamide Size Exclusion Gel for siRNA Separation……………………..25
Semi-Dry Blotting of siRNA (Northern)………………...……………………...26
mRNA Agarose Denaturing Gel Electrophoresis……………..............................26
mRNA Transfer by Capillary Blotting……….……………….............................27

5
iv
Detection of GFP mRNA by Hybridization with an Anti-GFP Probe……......….27
Detection of GFP-Derived siRNAs by Hybridization with a
Hydrolyzed Anti-GFP Probe…...………………………………………………...28
Results……………………………………………………………………………………29
Discussion………………………………………………………………………………..41
CHAPTER II. TRANS EFFECTS OF THE BROME MOSAIC VIRUS
COAT PROTEIN IN GENETIC RECOMBINATION OF VIRAL
RNAs IN AGRO-INFECTED 16c N. BENTHAMIANA PLANTS……………………………...44
Introduction………………………………………………………………………………44
Recombination…………………………………….……………………………..44
Introduced Mutations in BMV CP………………………….……………………46
Methods…………………………………………………………………………………..50
Constructs……………………………………………………..…………………50
Transient Expression of Genes in Plant Tissue………………...….…………….54
Total RNA Extraction from Leaf Tissue of N. benthamiana……..…………….55
RT-PCR………………………………………………………………………….56
DNA Cloning………...…………………………………………………………..57
Enzyme Digestion………...……………………………………………………...57
Results ……………………………………………………………………………………58
Discussion………………………………………………………………………………..64
CHAPTER III. ENCAPSIDATION OF HOST-RNAs BY
BROME MOSAIC BROMOVIRUS…………………………………………………...………….68
Introduction………………………………………………………………………………68
Methods…………………………………………………………………………………..73
Virus Preparation………………………………………………………………...73

6
v
Extraction of Encapsidated RNA……...………………………………………...74
Sequencing……………………………………………………………………….75
Sequence Analysis……………...………………………………………………..76
Results ……………………………………………………………………………………76
Discussion………………………………………………………………………………..81
SYNTHESIS……………………………………………………………………………………..84
REFERENCES…………………………………………………………………………………..86

7

LIST OF TABLES

Table 1: Table of RNAi suppressors……………………………………………………………..16
Table 2: Relative virus accumulation in each N. benthamiana plant agroinfiltrated with the
respective K/R pairs……………………………………...………………………………………62
Table 3: Relative BMV genome RNA strand ratios in each N. benthamiana plant
agroinfiltrated with the respective K/R pairs……………...……………………………………..62
Table 4: Recombination activity of BMV RNA3 K/R pairs in N. benthamiana leaves…………63
Table 5: Sequence results of BMV barley, BMV N.B., and SBLV N.B………………………...79

8

LIST OF FIGURES
Figure 1: Transmission electron microscope micrograph (TEM) of BMV virions………………3
Figure 2: Schematic representation of the Brome mosaic virus genome……………………….....4
Figure 3: Schematic illustration of BMV RNA replication…………………………………….....7
Figure 4: Illustration of the RNA silencing mechanism…………………………………………13
Figure 5: Leaf infiltrated with GFP construct and a construct expressing a BMV protein
compared to the negative control……………………………………………………..………….31
Figure 6: Leaf infiltrated with GFP construct and a construct expressing a BMV protein
compared to the positive control…………………………………………………………………32
Figure 7: Movement protein Western blot………………………………………………………33
Figure 8: Coat protein Western blot……………………………………………………………..34
Figure 9: Total RNA extracted 5dpi run on a polyacrylamide size exclusion gel for siRNA
separation………………………………………………………………………………………...36
Figure 10: Total RNA extracted 11dpi run on a polyacrylamide size exclusion gel for siRNA
separation………………………………………………………………………………………...37
Figure 11: Close-up of total RNA extraction 5dpi run on a polyacrylamide
size exclusion gel for siRNA separation…………………………………………………………38
Figure 12: Close-up of total RNA extraction 11dpi run on a polyacrylamide
size exclusion gel for siRNA separation….……………………………………………………...39
Figure 13: mRNA extraction 5dpi separated on a denaturing agarose gel stained
with ethidium bromide…………………………………………………………………………...40
Figure 14: mRNA extraction 5dpi membrane. GFP mRNA was hybridized with full-length
GFP RNA that was transcribed using the GFP construct as a template…………………………41
Figure 15: Mutations introduced in K/R-series………………………………………………….47
Figure 16: Schematic representation of K-constructs ……………………………………………53

viii
Figure 17: Illustration of constructs K2, K3, K4, K5, K6, R2, R3, R4, R5, R6
introduced in RNA3……………………………………………………………...………………59
Figure 18: Denaturing agarose gel of total RNA extracted from N. benthamiana after
agroinfiltration of K/R series. ……………………………………………………………………61
Figure 19: Northern blot of total RNA extract of N. benthamiana agroinfiltrated
with K/R series constructs hybridized with BMV genome specific probe………………………61
Figure 20: This model illustrates the consecutive packaging of RNA3 first
and subsequently sgRNA4……………………………………………………………………….69
Figure 21: Transmission electron microscope picture (TEM) of SBLV virions………………...72
Figure 22: Denatured ethidium bromide stained agarose gel of extracted RNA
from virions after purification treatment…………………………………………………………78

1

GENERAL INTRODUCTION: THE MOLECULAR BIOLOGY OF BROME MOSAIC
BROMOVIRUS

The overall objective of the studies conducted is to elicit BMV host interactions. The
researched projects focus on the three broad types of viral interactions. The first type is the virushost interaction and the effect that the virus has on the host on an evolutionary scale through
horizontal gene transfer. The second type of viral interaction is the host-virus interaction and the
effect that the host has on the virus. One of the first and direct interactions between host and
virus is through the RNA silencing system of the host. Most viruses suppress the silencing
system through viral protein. This study investigated the suppression activity of the proteins
encoded by BMV. The third type of viral interaction is virus-on-virus interaction and the effect
that the virus has on the virus. The coat protein’s ability to promote recombination in a transacting manner, meaning that the recombination is affected through the protein level of the coat
protein gene, was investigated.
The Brome mosaic virus (BMV) is a positive sense, single-stranded RNA virus
(+ssRNA). It is part of the Bromovirus genus and member of the Bromoviridae family as well as
the alphavirus-like supergroup (Kao and Sivakumaran 2000).
The natural hosts of BMV are monocotyledons but also dicotyledonous plants like
Nicotiana benthamiana or some Chenopodium species (Kao and Sivakumaran 2000). The
virions appear as icosahedral-shaped particles with a diameter of about 26 nm (Figure 1). BMV
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is nonenveloped and the particles are made of 180 coat protein subunits. The viral genome
consists of three messenger-sense capped RNAs: RNA 1, RNA2 and RNA3 (Figure 2). RNA1
encodes the protein 1a, which has capping and putative RNA helicase properties, and RNA2
encodes the protein 2a, which is presumed to be the RNA-dependent RNA polymerase (RdRp).
RNA3 includes two subgenomic RNAs: sgRNA3a at the 5’ end and sgRNA4 at the 3’ end.
SgRNA3a encodes the 3a protein, which is the movement protein (MP) and needed for cell-tocell movement. SgRNA4 encodes the coat protein (CP). All three BMV RNAs have a tRNA-like
structure within their 3’ UTR, which is required for RNA replication (Kao et al. 2011). Part of
the tRNA-like structure is the stem-loop C (SLC). The SLC includes the promoter for minusstrand synthesis (Zhu et al. 2007). CP binds the SLC motif as shown earlier (Rao 2006, Yi et al.
2009a, Yi et al. 2009b). The t-RNA-like structure with about 200 nucleotides (nts) also has
elements for tyrosylation (Barends et al. 2004). RNA1 and 2 but not 3 of BMV have to be able to
tyrosylate in order to promote infectivity (Dreher 2009). In yeast, tyrosylation is more sensitive
to identity nucleotides than to structural features of tRNA (Fechter et al. 2000).
Another regulatory RNA element present in all three RNAs is the B-box. The B-box is
present in the 5’ untranslated region (UTR) of RNA1 and RNA2 and is crucial for regulation of
translation and replication. In RNA 3 the B-box is found in the intercistronic region of RNA3
and at the 3’ end of sgRNA3a of the BMV genome at position 1100-1110 nt. The B-box
functions as a CP binding site and an alteration in this B-box RNA sequence downregulates
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Figure 1: Transmission electron microscope micrograph (TEM) of BMV virions. TEM
negatively stained with uranium acetate. Magnification: 80k. Size of virions: about 32nm. This
picture has been taken at the Northern Illinois University by Lori Bross, core microscopy facility
manager.

4

Figure 2: Schematic representation of the Brome mosaic virus genome. RNA1, RNA2, and RNA
3 are labeled with their respective size in bp. Subgenomic (sg) RNA3a and sgRNA4 are labeled
and color coded based on their open reading frame (ORF). ORFs are indicated by colored boxes
representing the coat protein (CP), movement protein (3a), 1a protein (1a), and 2a protein (2a).
Regulatory RNA elements are labeled with their corresponding position, stem-loop C (SLC), Bbox-like, and B-box.
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recombination in RNA3 in protoplasts (Sztuba-Solinska et al. 2012). The B-box is part of the
bigger replication enhancer region (RE), which is in turn part of the 250-base intergenic region
(IGR) where also the subgenomic promoter (sgp) resides. IGR folds and thereby becomes a
tRNA T!C-stem loop, which is modified in vivo (Pogue et al. 1992, Baumstrak and Ahlquist
2001). The B-box is important for the compilation of the BMV replicase complex in which the
1a protein recruits RNA3 (Baumstrak and Ahlquist 2001).

Replication And Encapsidation

Upon release of the genome, the translation is directly initiated from the positive-sense
RNA. Once the 1a protein is expressed it recruits the 2a protein into the RdRp complex as well
as the viral RNAs (Schwartz et al. 2004, Wang et al. 2005). The 1a protein attracts RNA1 and
RNA2 through its 5’ B-box and RNA3 through the B-box at its intergenic region (Baumstrak and
Ahlquist 2001; Chen et al. 2001, Diaz et al. 2012). Replication takes place in membrane-bound
vesicles, which are formed by the induction of the 1a protein. Spherules are shaped through
invaginations at the endoplasmic reticulum activated by the 1a protein, as illustrated in Figure 3.
The 1a proteins can bind to each other and line up at the endoplasmic reticulum membrane,
warping and inducing spherules upon an increasing number of 1a proteins (Restrepo-Hartwig
and Ahlquist 1999, Schwartz et al. 2002). The 1a and 2a proteins form the RdRp and transcribe
the negative strand RNA from the positive RNA genome. The SLC of the t-RNA-like structure at
the 3’ end is important for transcription from the messenger RNA strand because it contains the
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clamped adenine motif (CAM), which is required for transcription from the plus strand. Thus the
t-RNA-like structure acts as a promoter for negative-strand RNA synthesis (Sivakumaran et al.
2003, Choi et al. 2004). Once the negative strand is transcribed it can be used as a template for
positive RNA synthesis using the 5’ UTR promoter (5’ in regards to the positive strand) (Pogue
et al. 1992).
Subgenomic RNA3a and sgRNA4 can only be transcribed from the negative RNA3
strand facilitated by the subgenomic promoter (SGP), which is located in the IRE at position
1152-1250 (Miller et al., 1985). Synthesis of the subgenomic RNA encoding the movement
protein (sgRNA3a) is enabled by premature termination of RNA3 transcription of the negative
strand. Premature termination occurs by pausing of the RdRp at the poly (U) tract of the negative
strand in the intergenic region (INT) (Wierzchoslawski et al., 2006). Generation of the
subgenomic RNA encoding the coat protein (sgRNA4) is also facilitated by the subgenomic
promoter (SGP). RdRp starts transcribing de novo at the SGP in the INT and transcribes the
sgRNA4. It is proposed that a hexanucleotide loop 5’C1AUAG5A3’ in the SGP minus-strand
formation creates a pseudo-trinucleotide loop configuration by transloop base pairing between C1
and G5. The AUA tri-loop is a necessary element in the promoter and is thought to bind the
RdRp and initiate transcription (Haasnoot et al., 2002). The subgenomic RNAs can then be used,
after negative-strand transcription, as a template for further amplification (White, 2002). The
ratio of plus-strand versus minus-strand produced is about 100 to one (Marsh et al., 1991).
The thus replicated BMV genome is packaged by the CP into the virions through protein-RNA
interactions. The CP facilitates protein-RNA interactions by an arginine-rich RNA-binding motif
(ARM), which is located at the N-proximal region of CP and assumes a "-helical

7

Figure 3: Schematic illustration of BMV RNA replication. The 1a protein recognizes the hairpin
structure at the 5’end of RNA1 and 2 and in the intergenic region of RNA3. The 1a protein
recruits RdRp and RNA 1, 2, and 3 through the recognition sites into spherules that it forms at
the membrane of the endoplasmic reticulum. Replication occurs in spherules that are shaped
through invaginations at the endoplasmic reticulum activated by the 1a protein. The progeny
RNAs are released and used to form new virions (Gala et al. 2010).
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figuration. The ARM motif contains six arginine residues and is formed by the aa number
9 through 21. Of these 12 aa, 10, 13, or 14 enable CP to selective packaging of RNA4. The ARM
motif is not unique to BMV but shows similarities to CPs of plant and insect RNA viruses, HIVRev and Tat proteins, bacterial anti-terminators, and ribosomal splicing factors (Choi and Rao,
2000). On the RNA side of the CP-RNA interaction the 3’-terminal tRNA-like structure (TLS)
plays an important role. Only BMV RNAs containing the TLS, namely RNA1, RNA2, RNA3,
sgRNA4, get encapsidated (Choi et al., 2002). Specifically, the CAM in the SLC of the TLS
functions as a link between replication and encapsidation where CP recognizes SLC (Zhu et al.,
2007). RNA1 and RNA2 get separately packaged into virions, whereas RNA3 gets encapsidated
together with sgRNA4 (Rao 2006). Another signal is needed for packaging of RNA3, a bipartite
signal, besides the TLS at the 3’ end. The second signal, a cis-acting element, is the packaging
element (PE) and it functions as a bipartite signal together with the TLS signal serving as a
nucleating element (NE) for the CP subunits. PE consists of 187nts in the nonstructural 3a ORF.
Together PE and TLS are the integral factors of the packaging core of the RNA3 and the copackaged of sgRNA4 units, whereby RNA3 is pre-packed before sgRNA4 joins (Choi and Rao,
2003). Furthermore, the ratios of the encapsidated BMV RNAs change according to the host in
which BMV propagates (Ni et al. 2014).
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Objective

The overall objective of the research conducted is to elicit virus-host interactions based
on three points of view. Each investigation focuses on a different aspect of interaction. The
possibility of host-RNA co-encapsidation was examined to research the effect that the virus has
on the host. The effect on the host would be on an evolutionary scale through horizontal gene
transfer and might be significant since plant viruses usually infect a wide range of host species. It
is of importance to elicit the rate of co-encapsidation to determine the chance of genetic transfer.
Of further interest is the type of host-RNA that is potentially encapsidated as well as a scheme of
co-encapsidation rate and host RNA pattern encapsidated that is ensued. This will answer the
question if RNA viruses potentially function as vectors.
The host affects the virus directly through the host RNA silencing system that can
degrade viral RNA. This type of interaction, where the host influences the virus, is explored by
testing the proteins encoded by BMV for their silencing suppression activity. The objective is to
examine each protein for local and systemic suppression activity.
The virus can affect itself through recombination. This level of interaction is analyzed via
the trans effect of the coat protein of BMV on recombination. The coat protein of BMV
promotes recombination in a trans-acting manner, meaning that the recombination is affected
through the protein level of the coat protein gene. The goal is to draw conclusions from five
different mutated coat proteins and their aptitude to bind RNA motifs and promote
recombination.
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CHAPTER I
RNA SILENCING: SUPPRESSION ACTIVITY OF THE PROTEINS ENCODED BY THE
BROME MOSAIC VIRUS RNAs

Introduction

RNA Interference

To elicit BMV host interactions, the research project focuses on host-virus interaction
and the effect that the host has on the virus. One of the first and direct interactions between host
and virus is through the RNA silencing system of the host. Most viruses suppress the silencing
system through viral protein. This study investigated the suppression activity of the proteins
encoded by BMV on the silencing system. The RNA interference mechanism or RNA silencing
mechanism uses small RNAs with a length of 20 to 30 nt for gene silencing. These small RNAs
can be classified by to their place of origin, pathway of biogenesis, and modes of action as short
interfering RNAs (siRNAs) or microRNAs (miRNAs), and they determine the specificity of the
RNA silencing mechanism (Axtell 2013).
siRNAs are homologous in their sequence to the targeted gene in their double-stranded
form, either long dsRNA or short-hairpin RNA (shRNA) (Tuschl 2001). These two forms of
siRNA precursors originate from cell-foreign material, like a virus, introduced transposons, or
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transgenes (Bernstein et al. 2001). The enzyme Dicer, an endonuclease and part of the RNAi
pathway, cuts the precursor siRNA into short double-stranded RNAs as the first step of the RNAi
mechanism. The siRNAs have now a length of 20-24nt, are 5’ phosphorylated, and have a two-nt
overhang at the 3’ end (Hamilton and Baulcombe 1999, Bernstein et al. 2001; Elbashir et al.
2001). After Dicer has truncated the precursor siRNA into siRNA, the siRNAs interact with the
RNA-induced silencing complex (RISC). When double-stranded small RNA attaches to the
RISC it gets denatured and the sense strand of the small RNA, called passenger strand, gets
discarded.
The other strand, the anti-sense strand, called guide strand, stays and it determines the
specificity of the RISC. Together with the guide strand the RISC is able to silence RNA by RNA
cleavage of the target RNA. RISC includes, besides several other proteins, a member of the
Argonaute family of proteins. Each Argonaute protein (AGO) contains a Piwi domain that
possesses the catalytic ability to cleave mRNAs, which pair with the guide strand, and thereby
silence the mRNA (Johansen and Carrington 2001). Currently, ten AGO proteins and four Dicerlike proteins (DCLs) are known in Arabidopsis thaliana (Henderson et al. 2006, Vaucheret 2008).
siRNAs can move systemically or locally in plants, either through plasmodesmata or the phloem,
respectively (Voinnet et al. 1998, Lough and Lucas 2006, Melnyk et al. 2011).
miRNAs are being processed in a two-step mechanism. Both mature miRNA and premiRNA are cleaved out of the primary stem loop regions (pri-miRNA) after pri-miRNA is
transcribed by RNA polymerase II (Aukerman and Sakai 2003, Chen 2004, Jones-Rhoades et al.
2006, Brodersen et al. 2008). A third step has been revealed in Arabidopsis where the ribose of
miRNA in the last nucleotide was found to be methylated by the methyltransferase Hen1 (Park et
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al., 2002). The mature miRNA is incorporated into RISC and used to guide the silencing of RNA
by three ways, which comprise methylation of chromatin, RNA cleavage or translational arrest
of target mRNAs. The AGO protein within the RISC complex possesses the catalytic ability to
cleave mRNAs, which pair with the guide strand and thereby silence the gene the mRNA was
transcribed from. If the miRNA strand does not match perfectly the target mRNA it will not be
cleaved, but translation will be inhibited instead. The third way of RNA silencing is through
methylation of DNA or chromatin. In this case the Pol IV subunit b (NRPD1b) is recruited to the
complex, and the DNA cytosine residue or histone proteins (or both) are methylated. This
methylation stops the transcription of the specific gene and thereby silences it (Llave et al. 2002,
Xie et al. 2003, Bao et al. 2004, Ruiz-Ferrer and Voinnet 2009, Khraiwesh et al. 2010). The steps
of the RNA silencing process are illustrated in Figure 4.
Furthermore, plants and fungi can express an RNA-dependent RNA polymerase (RdRp)
that is a highly efficient tool of the RNA silencing pathway. It is able to amplify short dsRNAs
after the RISC complex gets attached to the target RNA. Such amplified dsRNAs can then fuel
the Dicer enzyme (Li and Ding 2006).
Overall, miRNAs play important regulatory functions in many aspects of plant response
to abiotic and biotic stresses, post-transcriptional gene expression, pathogen responses, in
nutrient homeostasis, developmental transitions, leaf growth, organ polarity, auxin signaling, and
RNA metabolism (Aukerman and Sakai 2003, Palatnik et al. 2003, Xie et al. 2003; Vaucheret et
al. 2004, Jones-Rhoades and Bartel 2004, Kidner and Martienssen 2004, Chen et al. 2004, Zhou
et al. 2008, Xin et al. 2010)
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Figure 4: Illustration of the RNA silencing mechanism. The mechanism uses the RNA-induced
silencing complex (RISC) (Watson et al. 2007).
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Virus-Induced Gene Silencing (VIGS)

Plants use RNA interference as a defense mechanism against viral RNA and thereby
prevent viral propagation or viral spread throughout the plant (Beclin et al. 2002, Ding 2010,
Sharma et al. 2012). RNAi is accomplished through transcriptional gene silencing (TGS) and
post-transcriptional gene silencing (PTGS) (Lu et al. 2003, Padmanabhan et al. 2009, Sahu et al.
2012).
PTGS uses dsRNA produced in the viral RNA replication process or dsRNA produced by
the plants RNA polymerase II. As described above, the dsRNA is then used by Dicer, which
shortens it into siRNAs. The siRNAs are subsequently loaded into RISC. Since siRNAs are
derived from the viral genome, RISC targets viral RNAs that are complementary to the siRNAs
and cleaves the viral mRNA.
TGS is accomplished by methylation of viral DNA or chromatin modification, which is
only crucial for DNA viruses but not for BMV. In this case Pol IV subunit b (NRPD1b) is
recruited to the complex and the DNA cytosine residues are methylated. This methylation stops
the transcription of the specific viral gene and thereby silences it (Lister et al. 2008; Huang et al.
2009).
The viral counterdefense of VIGS are viral suppressors of RNA silencing (VSR), which
are viral-expressed proteins (Burgyan and Havelda 2011). It is suspected that most plant viruses
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encode one or more VSRs (Li and Ding 2006, Kalantidis et al. 2008, Raja et al. 2010); over 40
VSRs (Table 1) have already been described to date. VSRs suppress silencing by interrupting
the RNA silencing mechanism in diverse ways, as follows.
The 2b protein of the Cucumber mosaic virus (CMV) is a VSR that suppresses VIGS by
binding to small RNAs and thereby inhibiting them from entering RISC; 2b also is suspected to
target AGO1 (Goto et al. 2007). Another example of VSR is the V2 protein of the Tomato yellow
leaf curl virus (TYLCV), which was the second VSR to be discovered after the 2b VSR. V2
interacts with SISGS3 and interrupts the generation of dsRNA. SISGS3 is a protein of the tomato
plant (Solanum lycopersicum) that is part of the plant RNA silencing mechanism (Glick et al.
2008).
HC-Pro, a suppressor of the Tobacco etch virus (TEV), interferes with the RNA silencing
pathway in a step mentioned above. The last step of small RNA maturation, 3’ modification, is
inhibited by Hc-Pro. The last nucleotide of the small RNAs is usually methylated by Hen1 but
Hc-Pro interacts with the small RNA beforehand so that it cannot be modified and thereby
suppresses RNA silencing (Lozsa et al. 2008). The B2 VSR, of Flock house virus (FHV),
interacts with a step earlier in the RNAi pathway. B2 dimerizes with itself and binds to dsRNA,
which makes it impossible for Dicer to process the dsRNA into small RNAs (Seo et al. 2012).
Similarly, p19 of Tombusviruses, for example the Tomato bushy stunt virus (TBSV), bind to
small RNAs and prevent them from getting incorporated into RISC (Vargason et al. 2003,
Lakatos et al. 2004). The P6 protein of Cauliflower mosaic virus (CaMV) operates as a VSR in
the nucleus. P6 is transported into the nucleus by two importin-"-dependent nuclear localization
signals where it inhibits DRB4, which enables the activity of the Dicer-like protein 4 (Haas et al.
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Table 1:
Table of RNAi suppressors

Virus group
Positive-strand RNA
viruses in plants
Aureusvirus
Carmovirus
Closterovirus
Closterovirus
Closterovirus
Closterovirus
Closterovirus
Closterovirus
Crinivirus
Crinivirus
Comovirus
Cucumovirus
Cucumovirus
Furovirus
Hordeivirus
Pecluvirus
Polerovirus
Polerovirus
Potexvirus
Potyvirus
Potyvirus
Potyvirus

Virus name

RNAi suppressor

Motif implicated in
RNAi suppressor
activity

Pothos latent virus
Turnip crinkle virus
Beet yellows virus
Citrus tristeza virus
Citrus tristeza virus
Citrus tristeza virus
Grapevine leafrollassociated virus-2
Beet yellow stunt virus
Sweet potato chlorotic
stunt virus
Sweet potato chlorotic
stunt virus
Cowpea mosaic virus
Cucumber mosaic
virus
Tomato aspermy virus
Soil-borne wheat
mosaic virus
Barley stripe mosaic
virus
Peanut clump virus
Beet western yellows
virus
Cucurbit aphid-born
yellows virus
Potato virus X
Tobacco etch virus
Potato virus Y
Turnip mosaic virus

P14
CP
P21
P20
P23
CP
P24

dsRNA binding
dsRNA binding

P22
P22
RNase3

RNaseIII

Small CP
2b

dsRNA binding

2b
19K

dsRNA binding
Cysteine-rich protein

#b

Cysteine-rich protein

P15
P0

Cysteine-rich protein

P0
P25
Hc-Pro
Hc-Pro
Hc-Pro

(Continued on the following page)
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Table 1 (continued)

Virus group
Positive-strand RNA
viruses of plants
Sobemovirus
Tobamovirus
Tobamovirus
Tobravirus
Tombusvirus
Tombusvirus
Tymovirus
Vitiviruses
Negative-strand RNA
viruses in plants
Tenuivirus
Tospovirus
Double-stranded
RNA viruses in plants
Phytoreovirus
DNA viruses in plants
Begomovirus
Begomovirus
Begomovirus
Begomovirus
Begomovirus

Virus name

RNAi suppressor

Rice yellow mottle
virus
Tobacco mosaic
viruses
Tobacco mosaic
viruses
Tobacco rattle virus
Tomato bushy stunt
virus
Cymbidium ringspot
virus
Turnip yellow mosaic
virus
Grapevine virus A

P1

Rice hoja blanca virus
Tomato spotted wilt
virus

NS3
NSs

Rice dwarf virus

Pns10

Tomato leaf curl virus
TYLCCNV-Y10 Y10$
African cassava
mosaic virus (KE)
EACMCV, ICMV,
TGMV
Mungbean yellow
mosaic virus

C2
$C1
AC2

Motif implicated in
RNAi suppressor
activity

P130
P130
16K
P19
P19

Cysteine-rich protein
dsRNA binding (Prefer
19-nt RNA duplex)
dsRNA binding (Prefer
19-nt RNA duplex)

P69
P10

AC2
AC2

DNA binding, NLS
DNA binding, NLS
DNA binding, NLS,
AD
DNA binding, NLS,
AD
DNA binding, NLS,
AD

(Continued on the following page)
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Table 1 (continued)

Virus group
Positive-strand RNA
viruses of plants
Begomovirus
Curtovirus
Positive-strand RNA
viruses in animals
Nodavirus

Negative-strand RNA
viruses of animals
Orthomyxovirus
Orthobunyavirus
Double-stranded RNA
viruses in animals
Orthoreovirus
Retroviruses of
animals
Lentivirus
Spumavirus
DNA viruses of
animals
Adenovirus
Poxvirus
Mycovirus, doublestranded RNA virus
Hypoviridae

Virus name

RNAi suppressor

Motif implicated in
RNAi suppressor
activity

African cassava
mosaic virus (CM)

AC4

Beet curly top virus

L2

miRNA binding
(Single-strand mature
miRNA)
Protein binding

Flock house virus,
nodamura virus,
Striped jack nervous
necrosis virus,
Greasy grouper
nervous necrosis virus

B2

dsRNA binding

Influenza virus A
La Crosse virus

NS1
NSs

dsRNA binding

%3

dsRNA binding (Prefer
dsRNA longer than 30
nt)

HIV-1
PFV-1

Ta t
Tas

Adenovirus
Vaccinia virus

VA1 RNA
E3L

Cryphonectria
hypovirus 1

P29

Dicer binding
dsRNA binding
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2008). Over 40 viral suppressors of RNA silencing (VSRs) (shown in Table 1) have already been
described to date, and it is suspected that each plant virus encodes at least one or more VSRs (Li
and Ding 2006, Kalantidis et al. 2008).

Plant RNA Silencing Suppressor Groups

Plant VSRs can be divided into three groups. Group one is able to promote virus
accumulation in inoculated protoplasts. The second group consists of VSRs that are essential for
viral cell-to-cell movement but are dispensable for single-cell virus accumulation. The third
group of VSRs enables viral long-distance movement or increases disease symptoms (or both),
although it is not fundamental for viral replication and cell-to-cell movement.
Most VSRs are viral proteins that target one or more host proteins of the RNA silencing
pathway or the small RNAs itself and thereby intercept the pathway. Some VSRs of the first
group bind to the AGO component of the RISC. AGO is then degraded and cannot cleave the
target RNA or load small RNAs to the RISC complex anymore. VSRs of the second group
especially target small RNAs (Diaz-Pendon and Ding 2008).
The objective of the first project is to investigate the suppression activity of the proteins
encoded by BMV. Each protein is examined for local and systemic suppression activity by two
different methods on molecular bases. The activity of each BMV protein is compared to known
suppressors for a level of activity.
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Methods

Constructs

Two constructs were designed, one containing the CP ORF of RNA3 of BMV and one
containing the whole RNA3 sequence. Both inserts were ligated into the 35S promoterpolylinker-NosTerminator T-DNA cassette of pROK2-based binary vectors. The pROK2 vector
was generously provided by Dr. Tomás Canto (Centro de Investigaciones Biológicas, CIB, CSIC,
Madrid 28040, Spain).
The CP construct was achieved as follows. In order to construct the CP encoding
sequence of BMV into pROK2, the corresponding sequence was amplified by polymerase chain
reaction (PCR) using the pB3 plasmid as a template (Ahlquist and Janda 1984). Taq I
polymerase purchased from Promega was used in all PCR reactions. For cloning purposes, the
upstream primer homologous to nucleotides 1230-1264 of the BMV RNA3 sequence (5GCCATCGGATCCGTTCAGC GTATTAATAATGTCGACTTCAGGAACTGG-3), with added
BamHI (underlined) and additional 5 nucleotides terminal sequences, was used in conjunction
with a downstream primer that was complementary to nucleotides 2069-2111 of the RNA3
sequence (5’GCCATCCCCGGGGTGGTCTCTTTTAGAGATTTACAGTGTTTTTCAACACT
GTACGG-3’), preceded by a SmaI sequence (underlined) and five additional nucleotides at the 5’
end. The amplified cDNA product was digested with BamHI and SmaI restriction enzymes and
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ligated into pROK2 that was linearized with the same enzymes. T4 DNA ligase purchased from
New England BioLabs was used for ligation. The construct was multiplied in Escherichia coli
strain DH5" cells under kanamycin (50µg/ml) selection. After multiplication in E. coli the
construct was incorporated into Agrobacterium tumefaciens cells by electroporation at the
following conditions: 2.4 kV, 200 & and 25 µF by using the Gene Pulser II Electroporation
System from BIORAD, and grown in LB medium with 50µg/ml kanamycin and 50µg/ml
carbenicillin. The A. tumefaciens strain C58C1 was provided thanks to Dr. Tomás Canto (Centro
de Investigaciones Biológicas, CIB, CSIC, Madrid 28040, Spain).
The RNA3 construct was achieved as follows. In order to construct the entire BMV
RNA3 sequence into pROK2 vector, the corresponding sequence was amplified by PCR using
the pB3 plasmid as a template (Ahlquist and Janda 1984). For cloning purposes, an upstream
primer that was homologous to nucleotides 1-35 of the RNA3 BMV sequence (5’GCCATCGGATCCGGTAAAATACC AACTAATTCTCGTTCGATTCCGGCG-3’), with
added BamHI and additional five 5’-terminal nucleotides, was used in conjunction with a
downstream primer complementary to nucleotides 2069-2111 of the RNA3 sequence (5GCCATCCCCGGGGTGGTCTCTTTTAGAGATTTACAGTGTTTTTCAACACTGTACGG-3),
preceded by a SmaI sequence and five additional nucleotides at the 5’ end. The PCR product was
digested with BamHI and SmaI and ligated into pROK2 between the same sites. The construct
was multiplied in DH5" cells under kanamycin (50µg/ml) selection and then the corresponding
plasmid was introduced into A. tumefaciens via electroporation with 2.4 kV, 200 & and 25 µF
and grown in LB medium containing 50µg/ml kanamycin and 50µg/ml carbenicillin.
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The RNA1 and RNA2 constructs were achieved as follows. The T-DNA-based constructs
containing a full-length RNA1 or RNA2 sequences were received from Prof. C. Cheng Kao
(Indiana University, Bloomington). The vector used in these constructs is named as pCB302.
The PZP constructs were achieved as follows. All PZP constructs harbor different
sequences, which were ligated into the binary pPZP212 vector and are a generous gift of Dr.
Feng Qu (The Ohio State University, Ohio Agricultural Research and Development Center,
Wooster, Ohio, USA). All constructs harbor the Cauliflower mosaic virus (CaMV) 35S promoter
(P35S), the Tobacco etch virus (TEV) translational enhancer (TE) and the CaMV 35S terminator
(T35S). The inserts were all ligated between TE and P35S. PZP-GFP, used for silencing
induction, harbors the green fluorescent protein mGFP4 (Haseloff et al.1997) of the GFP 16c
plants. The insert of the negative-control PCP-CP' is mutant of the Turnip crinkle virus (TCV)
CP containing two consecutive stop codons after the first five amino acids of the CP. PZPTBSVp19, used as a positive control, harbors the Tomato bushy stunt virus (TBSV) ORF of the
p19 protein, a known suppressor of RNAi. The positive-control PZP-CMV2b has the 2b protein
ORF of Cucumber mosaic virus (CMV), which functions as a well-known suppressor. The
positive control PZP-TEVHC-Pro carries the suppressor HC-Pro from TEV (Qu et al. 2003)

Transient Expression of Genes in Plant Tissue

A. tumefaciens cultures were grown on a shaker for approximately 11 hours in LuriaBertani (LB) medium containing 50µg/ml kanamycin and 50µg/ml carbenicillin at 28°C and
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170 rpm. After low-speed centrifugation (25°C, 10 min., 6000 rpm) the supernatant was rejected
and the pellet was resuspended in an agroinfiltration buffer (200µM acetosyringone; SigmaAldrich CAS Number 2478-38-8, 10mM MES, pH 6.8 and 10mM MgCl2). The suspension was
diluted with the agroinfiltration buffer to the final OD (OD600) of 0.2 at 600nm. The final
suspension was then agroinfiltrated into 16c transgenic N. benthamiana leaves by gently pressing
the tip of a 1 ml syringe, without needle, at the bottom side of the leaves and injecting the
suspension till the growing patch in the intercellular space of the leaves reached about 3cm in
diameter. 16c transgenic N. benthamiana plants harbor the GFP gene on its chromosome and
express the GFP. Two leaves per plant and three plants per construct combination were
inoculated. The leaves of 16c N. benthamiana used for agroinfiltration were always fully
expanded. 16c N. benthamiana seedlings were germinated and grown in standard greenhouse
conditions and transferred to a growth chamber with 22°C and 16 h of light after infiltration.
To visually monitor the effect of the protein or protein combination on the intensity of
GFP fluorescence, the leaves were illuminated 5 days postinfiltration by using a Black Ray
longwave (365nm) UV lamp (UVP, Upland, CA, U.S.A.). Photos were taken with an Exilim
digital camera from Casio (10.1 mega pixels, EX-S10).

Protein Analysis

For protein analysis, about 0.5g of infiltrated leaf tissue was ground to a powder in liquid
nitrogen with a pre-chilled mortar and pestle. The total proteins were then extracted with the
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following extraction buffer (4 ml per 1g tissue): 0.1 M TrisHCl (pH 8), 10 mM
ethylenediaminetetraacetic acid (EDTA), 0.1 mM LiCl, 2% sodium dodecyl sulphate (SDS), 2%
phenylmethanesulfonylfluoride (PMSF). Then the samples were heated for 10 minutes at 93°C
and separated by electrophoresis in a sodium dodecyl sulfate-polyacrylamide electrophoresis
12% gel. The ColorPlus Prestained Protein Ladder, Broad Range (10-230kDa) from New
England BioLabs was used as a size standard. Subsequently, the Trans-Blot Turbo Transfer
System from BIORAD was used to blot the proteins onto a polyvinylidene fluoride (PVDF)
membrane with 2.5A and up to 25V for 7 minutes. The CP and 3a proteins were detected
immunologically by using an anti-Brome mosaic virus polyclonal antibody from Agdia and an
anti-BMV-3a, rabbit-antiserum antibody from K. Mise (Kyoto University), respectively. For
detection of the bound primary antibody, an ECL anti-rabbit IgG, horseradish peroxidase-linked
species-specific whole donkey antibody (Amersham) was used. The enhanced
chemiluminescent (ECL) substrate for the linked horseradish peroxidase (HRP) enzyme
(purchased from Thermo Scientific) was used to visualize the bands of interest.

Small RNA (siRNA) and mRNA Extraction from Leaf Tissue of 16c N. benthamiana

Leaves were harvested 5 and 11 days postinfiltration (dpi) and homogenized in a mortar,
which was chilled in an environment chilled by liquid nitrogen to keep it in a frozen status at all
times. An aliquot of 100mg of tissue powder was used for total RNA extraction. The aliquot was
liquefied with Trizol( in solution and incubated for 5 min at room temperature. Polysaccharides
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were pelleted by a subsequent centrifugation step, 5 min 20,800g at 4°C. The supernatant was
added to 0.2ml of chloroform, agitated, thereafter incubated for 5min at room temperature, and
centrifuged, 5 min 20,800g at 4°C. From the resulting upper aqueous phase was the RNA
precipitated by adding 0.5ml of isopropanol and incubating at room temperature for 1 hour. The
RNA was recovered by centrifuging for 30min, 20,800g at 4°C. The pellet was quickly washed
with 80% ethanol and the RNA containing the siRNA and mRNA was dissolved in 150µl
RNase-free water.

Polyacrylamide Size Exclusion Gel for siRNA Separation

siRNA were analyzed by electrophoresis in a 0.75mm-thick 15% denaturing
polyacrylamide gel, (w/v) 19:1 acrylamide:bis-acrylamide containing 7M Urea, 0.5X TBE,
0.07% (w/v) ammonium persulphate (APS), and 0.035% (v/v) TEMED. Decade Marker from
Ambion (Catalog Number AM7778) was used as an RNA size marker and the loading buffer
consisted of 0.01% (w/v) xylene cyanol FF, 0.01% (w/v) bromophenol blue, 0.01M EDTA pH8
in deionized formamide. The 0.5X TBE was used as running buffer, the gel was pre-run for 30
minutes at 100V. Twenty micrograms of RNA was loaded for each sample together with an
equal volume of the loading buffer. All samples were denatured at 65°C for 10 minutes and first
run on the gel at 50V for 30 minutes until the dye entered the gel. Subsequently the wells were
washed to remove the high molecular weight RNA and continued to run at 150 V until the
bromophenol blue reached the bottom of the gel.
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Semi-Dry Blotting of siRNA (Northern)

The polyacrylamide gel was transferred to a Hybond-N+ nylon membrane using a semidry blotting system. The formaldehyde was removed from the gel beforehand by soaking it in
0.1X TBE (8.9mM boric acid, 0.25mM EDTA, pH 8.4) for one hour. The nylon membrane was
equilibrated in 0.1XTBE for 30 minutes. The RNA was transferred to the equilibrated nylon
membrane for 30 minutes using 250mA at constant current. Subsequently the RNA was
crosslinked to the membrane with UV at 120000 µJoules.

mRNA Agarose Denaturing Gel Electrophoresis

Two micrograms of mRNA with one volume of 2X gel-loading solution were run per
sample. The samples were denatured at 65°C for 5 minutes prior. The gel consisted of 1.2%
agarose with formaldehyde and 0.5X MOPS buffer pH 8.0 using MOPS 0.5X as running buffer.
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mRNA Transfer by Capillary Blotting

mRNA was transferred to Hybond-N+ nylon membrane through a capillary blot
overnight using 20X SSC (3M sodium chloride, 3M sodium citrate, pH7) as a buffer. The RNA
was subsequently croslinked to the membrane with UV at 120000 µJoules.

Detection of GFP mRNA by Hybridization with an Anti-GFP Probe

The membrane was pre-hybridized in 10ml of hybridization solution (0.25M sodium
phosphate, 7% w/v SDS, pH 7.2) at 40°C for 30 minutes. Oligoprobes were transcribed by
MAXIscript( Kit from Thermo Fisher Scientific. The full-length GFP RNA probe was
transcribed from a PCR product that was amplified from the PZP-GFP plasmid construct as a
template with the following forward primer: 5’-GTTGAATTAGATGGTGATGTTAAT
GGGTAC-3‘ and reverse primer that carried the integrated T7-promoter: 3’-CTCAAACA
TTGTCGACGACCCTAATG GGGATATCACTCAGCATAATTGT-5’. The transcription
reaction was done in 20µl using the T7 enzyme mix with a radioactive ["-32P] UTP (3000
Ci/mmol, 111 TBq/mmol Stabilized aqueous solution10mCi/ml; 370 MBq/ml) and incubated for
one hour at 37°C. The PZP-GFP template was removed by incubation with RNase-free DNase at
37°C for 15 minutes. Adding EDTA subsequently stopped the DNase reaction. The 20µl
transcription reaction was then used for hybridization, which was done at 65°C for 16 hours. The
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membrane was washed three times with 2X SSC and 0.2% SDS at 50°C for 10 minutes after
hybridization and finally exposed on film.

Detection of GFP-Derived siRNAs by Hybridization with a Hydrolyzed Anti-GFP Probe

To detect siRNAs, the membrane was pre-hybridized in 10ml of hybridization solution
(0.25M sodium phosphate, 7% w/v SDS, pH 7.2) at 40°C for 30 minutes with radioactive
oligoprobe. Oligoprobes were obtained from full-lngth GFP RNA probe that was synthesized as
described in the previous section. To obtain the oligoprobe of a final size of 50nt long, the fulllength GFP radioactive RNA probe was hydrolyzed by incubating the 20µl transcription reaction
in 300µl of a 200 mM carbonate buffer solution (80 mM NaHCO3, 120 mM Na2CO3). The
incubation accounted for 168.2 minutes and this time was calculated according to the following
formula: Time (minutes) = (initial length of probe (kb) - Final desired length (kb)) / (0.11 *
initial length of probe (kb) * Final desired length (kb)). The hydrolysis reaction was stopped by
adding 20 µl of 3M NaOAc pH=5 and the solution was then used for blotting hybridization,
which was done at 40°C for 16 hours. The membrane was washed three times with 2X SSC and
0.2% SDS at 50°C for 10 minutes and finally exposed on film.
Decade Marker from Ambion (Catalog Number AM7778) was used as a RNA size
marker. A 150nt RNA transcript was degraded using a cleaving reagent to produce a set of
molecular weight markers. Markers were labeled at the 5’end with [#-32P] ATP through a kinase
reaction.
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Results

In our research, BMV proteins were tested for local RNA silencing suppression activity
by agroinfiltration experiments with N. benthamiana (Weber 2012). Local silencing activity is
facilitated by siRNAs with a size of 21-22nt, which are linked to local RNA silencing. siRNAs
with a size of 21-22nt can move through the plasmodesmata. Systemic suppression activity is
associated with siRNAs with a size of 25nt that travel through the phloem (Voinnet et al. 1998,
Lough and Lucas 2006, Melnyk et al. 2011).
To investigate the RNA silencing suppression activity of the proteins expressed by BMV,
each gene was transiently expressed in N. benthamiana with an also transiently expressed GFP
gene. Three days after the agroinfiltration the intensity of fluorescence of the different infiltrated
patches on the leaves was compared under UV light. Naturally the GFP gene was partially
silenced by the RNA silencing machinery of N. benthamiana, which leads to reduced amounts of
GFP mRNA. This in turn results in a reduced production of GFP and subsequently a reduced
emission of green fluorescence. But if the RNA silencing of N. benthamiana was suppressed, the
green fluorescence is significantly enhanced.
The intensity of the fluorescence of the infiltrated patches was compared with a reference
only on the same leaf. The positive or respectively negative controls served as an internal control.
An empty pROK vector for comparison served as a negative control and the 2b gene serving as a
positive control. All proteins expressed by BMV showed similar levels of fluorescence as the
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negative control as shown in Figure 5, representative for all BMV proteins. At the same time, all
proteins showed less fluorescence compared to the positive control, representative for all BMV
proteins Figure 6. The protein expression of the BMV proteins was monitored and confirmed by
Western blot analysis for the coat protein and the movement protein (Figures 7 and 8). The
constructs that expressed the proteins 1a and 2a were a generous gift of Dr. CC Kao (Department
of Biochemistry & Biophysics, Texas A&M University, College Station, Texas) and they have
shown expression activity in N. benthamiana tissue (Gopinath et al. 2005). Taken together, these
data suggest the lack of local RNA silencing suppression activity for the BMV proteins.
To further investigate the silencing suppression activity of the BMV proteins and to test for
systemic RNA silencing activity, another experiment was performed using constructs expressing
the BMV proteins. Three additional constructs expressing known RNA silencing suppressors
served as positive controls. The 2b protein of the Cucumber mosaic virus (CMV), the Hc-Pro
protein of the Tobacco etch virus (TEV), and the P19 protein of the Tomato bushy stunt virus
(TBSV) are well-known suppressors. Each construct was agroinfiltrated into leaves of a 16c
transgenic N. benthamiana plant, which harbors a GFP gene on its chromosome, together with
the GFP construct.
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Figure 5: Leaf infiltrated with GFP construct and a construct expressing a BMV protein
compared to the negative control. On the left side, the leaf was infiltrated with a mixture of two
agrobacteria suspensions, one harboring the GFP construct and the other harboring the pROK2
construct. The right patch was co-infiltrated with GFP construct and an RNA3 construct
expressing the 3a protein. Both patches emitted marginal fluorescence with the same intensity,
indicating that the movement protein does not posses RNA silencing suppression activity.
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Figure 6: Leaf infiltrated with GFP construct and a construct expressing a BMV protein
compared to the positive control. On the left side, the leaf was infiltrated with a mixture of two
agrobacteria suspensions, one harboring the GFP construct and the other harboring the 2b
construct. The right patch was co-infiltrated with the GFP construct and the RNA3 construct
expressing the 3a protein. The left side glowed with a very bright fluorescence sustained by the
expressed 2b protein, which suppressed the silencing of the GFP gene. The right patch emitted
marginal fluorescence with lesser intensity, indicating that the movement protein does not
possess RNA silencing suppression activity.
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Figure 7: Movement protein Western blot. Western blot of agroinfiltrated leaves, confirmation of
movement protein expression in agroinfiltrated tissue. Lane 1 was loaded with total protein
extraction of a leaf infiltrated with buffer as a negative control and does not show a band, since
no movement protein was expressed. Lane 2 shows the positive control, the movement protein
obtained from an in vitro wheat germ translation kit. The band in lane 3 exhibits the movement
protein of the total protein extraction of a leaf infiltrated with the RNA3 construct. This lane
appears at the size of the movement protein proven by the positive control and the ladder. Lane 4
exhibits the lane of the total protein extraction of a leaf infiltrated with the constructs RNA3 and
2b. The band proves the expression of the movement protein as well. In lane 5 a protein ladder
migrated.
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Figure 8: Coat protein Western blot. Western blot of agroinfiltrated leaves, confirmation of CP
expression. In lane 1 a protein ladder migrated. Lane 2 was loaded with a total protein extraction
of a leaf infiltrated with the 2b and CP construct. The lane exhibits five bands, one at the
expected size of 21 kDa for CP, as can be compared with the ladder and the positive control,
which proves the expression of CP in N. benthamiana. The other bands result from unspecific
binding, aggregation or degradation of CP. The same combination of bands is expressed in lanes
2 and 3 with a lesser intensity due to the lack of a RNA silencing suppressor. These lanes were
loaded with the total protein extraction of leaves infiltrated with only the CP construct, which
verifies the expression of the construct. Lanes 5, 6, 7, 8 and 10 do not show bands due to failed
protein extraction. Lane 9 was loaded with BMV itself and served as a positive control for CP.
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The transiently expressed GFP of the GFP construct silences the GFP expressed by the
16c N. benthamiana plant, which expresses GFP from its chromosome. The GFP mRNA levels
and inversely the siRNA levels produced in the cells reveal the suppression activity of the
expressed proteins. High GFP mRNA levels and low siRNA levels indicate a strong RNA
silencing suppression activity (Hamilton et al. 2002, Qu et al. 2003, Lu et al. 2004, Yaegashi et
al. 2007, Xiong et al. 2009, Senshu et al. 2011). Total RNA was extracted from each infiltrated
leaf five days postinfiltration (dpi) and 11 dpi. Part of the total RNA was run on a
polyacrylamide size exclusion gel for siRNA separation while the other part was separated on a
denaturing agarose gel to detect GFP mRNA. GFP mRNA was hybridized with full-length GFP
RNA radioactive probe that was transcribed using the GFP construct as a template. siRNA was
hybridized with 50nt fragments of full-length GFP RNA radioactive probe transcribed using the
GFP construct as a template and subsequently hydrolyzed into the 50nt long fragments (see
Methods section). Figures 9 and 10 show the complete polyacrylamide gels 5dpi and 11dpi. On
the righthand side of the membrane are the band sizes of siRNAs at 21-25nts indicated by the
marker.
Figures 11 and 12 show the siRNA bands 5dpi and 11dpi respectively. Each lane was
loaded with the same amount of total RNA. Two bands of different sizes are visible. The lower
band represents siRNAs with the size of 21-22nt, which are linked to local RNA silencing
suppression. The upper band represents siRNAs with a size of 25nt, which are linked to systemic
silencing (Hamilton et al. 2002). In Figure 11 the well-known RNA silencing suppressors Hc-Pro
and P19 lack bands of siRNAs. The positive controls Hc-Pro and P19 suppressing the silencing
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Figure 9: Total RNA extracted 5dpi run on a polyacrylamide size exclusion gel for siRNA
separation. siRNA was hybridized with 50nt fragments of hydrolyzed full-length GFP RNA.
RNA marker on the right side shows size of siRNA at about 21-25nt.
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Figure 10: Total RNA extracted 11dpi run on a polyacrylamide size exclusion gel for siRNA
separation. siRNA was hybridized with 50nt fragments of hydrolyzed full-length GFP RNA.
RNA marker on the right side shows size of siRNA at about 21-25nt.
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Figure 11: Close-up of total RNA extraction 5dpi run on a polyacrylamide size exclusion gel for
siRNA separation. Close-up of Figure 9. siRNA was hybridized with 50nt fragments of
hydrolyzed full-length GFP RNA. Positive controls P19 and Hc-Pro in the left lanes show very
light bands caused by their ability to suppress siRNA production. The positive-control 2b, lane
labeled with 2b, displays both siRNA bands not exhibiting its suppression activity at 5dpi. The
negative-control CP! shows both siRNA bands with a great intensity. Proteins expressed by
RNA1, RNA2, and RNA3 as well as the coat protein, labeled accordingly in the right lanes,
show both bands indicating no suppression activity at 5dpi.
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Figure 12: Close-up of total RNA extraction 11dpi run on a polyacrylamide size exclusion gel
for siRNA separation. Close-up of Figure 10. siRNA was hybridized with 50nt long fragments of
hydrolyzed full-length GFP RNA. The left lane shows wt N.B. as a negative-control as there is
no GFP present. Positive-controls P19 and Hc-Pro in the following lanes show bands of both
siRNA sizes showing a lower suppression activity at 11dpi. The positive-control 2b, lane labeled
with 2b, only shows very light bands because of its ability to suppress the siRNA production at
11dpi. The negative-control CP! shows both siRNA bands because of its lack of suppression
activity. Proteins expressed by RNA1, RNA2, and RNA3 as well as the coat protein, labeled
accordingly in the right lanes, show both bands indicating no suppression activity at 11dpi. The
black spots seen on the gel are caused by a hybridization error, which could have been due to a
bubble in the overnight hybridization.

system, which inhibits siRNA generation. The silencing suppressor 2b shows siRNA
bands at 5dpi but has abolished siRNAs at 11dpi.
All three positive controls are able to inhibit siRNA production to near extinction at
either 5dpi or 11dpi, showing their suppression ability and providing a reference. The negativecontrol CP', which has no silencing suppression ability, shows consistently both siRNA bands at
5dpi and 11dpi, providing reference for the lack of suppression. All BMV proteins, 1a protein, 2a
protein, coat protein, and movement protein, display both bands of siRNAs at 5dpi and 11dpi
(Figures 11and 12) similar to the negative control, indicating their lack of local and systemic
RNA silencing suppression.
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In addition, mRNA levels of GFP 5dpi were monitored on a denaturing agarose gel.
Strong silencing suppression will elevate GFP mRNA levels. Figure 13 shows the ethidiumbromide-stained gel displaying equal RNA levels loaded. The membrane of the same gel
hybridized with full-length GFP RNA that was transcribed using the GFP construct as a template
is shown in Figure 14. The positive controls Hc-Pro and P19 displayed strong fluorescence in the
leaves inoculated. Hc-Pro as a result also presents a band on the membrane, confirming its
observed fluorescence its suppression activity. The lane of the positive-control P19 is clouded
with impurities; a band can only be adumbrated next to the black spot. The positive-control 2b
displays no band, as expected, because at 5dpi the suppression activity was not established yet,
as shown on the siRNA polyacrylamide gel. The negative-control CP! as well as the BMV
proteins do not show any bands nor did they produce fluorescence in the infiltrated leaf,
displaying their lack of RNA silencing suppression activity.

Figure 13: mRNA extraction 5dpi separated on a denaturing agarose gel stained with ethidium
bromide. The picture demonstrates that an equal amount of RNA was loaded in each lane. Every
lane is labeled with the respective construct the mRNA was extracted from.
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Figure 14: mRNA extraction 5dpi membrane. GFP mRNA was hybridized with full-length GFP
RNA that was transcribed using the GFP construct as a template. Every lane is labeled with the
respective construct the mRNA was extracted from. Hc-Pro as a result of its suppression activity
presents a band of GFP mRNA. The lane of the positive-control P19 is clouded with impurities;
a band can only be adumbrated next to the black spot. The positive-control 2b displays no band,
as expected, because at 5dpi the suppression activity was not established yet, as shown on the
siRNA polyacrylamide gel. The negative-control CP! as well as the BMV proteins do not show
any bands, displaying their lack of RNA silencing suppression activity. The black spot seen on
the gel in the P19 lane is caused by a hybridization error.

Discussion

Even though it is suspected that most plant viruses encode one or more RNA silencing
suppressors (Li and Ding 2006; Kalantidis et al. 2008, Raja et al. 2010), few viruses have been
shown to lack a protein with suppression activity. The mechanism of how these viruses evade the
RNA silencing system is still unknown but one assumed way is that viral RNA is protected by
being incorporated into cytoplasmic complexes and therefore hidden from the silencing
machinery of the host (Taliansky and Robinson 2003, Kim et al. 2004). One example of this
method are the Umbraviruses, which are positive-sense ssRNA viruses. The ORF3 protein
encoded by this virus family is a protein that binds RNA but is also involved in long-distance
movement (Ryabov et al. 1999) and RNase protection (Ryabov et al. 2001, Kim et al. 2004).
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ORF3 is associated with cytoplasmic granules that contain viral RNA and filamentous
ribonucleoprotein (Ryabov et al. 1998, Taliansky et al. 2003). These particles are believed to
protect the viral RNA from the host RNA silencing mechanism, even though ORF3 is not
considered a RNA silencing suppressor (Taliansky and Robinson 2003, Kim et al. 2004). Similar
host silencing evasion could be the case for BMV. The BMV-expressed proteins also did not
show any RNA silencing suppression activity. All proteins were tested to recover silenced GFP
but expressed no local suppression activity. In additional experiments all proteins were
investigated for their ability to suppress the two types of siRNAs, 21-22nt and 25nt. No
suppression activity could be observed, confirming again the lack of local- and in addition the
lack of systemic-suppression activity, which rules out any RNA silencing suppression activity.
Consequently, BMV must avoid silencing through another mechanism. Like Umbraviruses BMV
could use a similar system of host silencing circumvention. It is possible that viral RNA is
protected by membrane-bound vesicles in which they are replicated. RNA replication of BMV
takes place in membrane-bound vesicles, which are formed by the induction of the 1a protein.
Spherules are shaped through invaginations at the endoplasmic reticulum activated by the 1a
protein (Restrepo-Hartwig and Ahlquist P. 1999, Schwartz et al. 2002). To confirm this theory
further studies have to be done. Likewise, studies are necessary to check whether combinations
of BMV proteins can function as effective suppressors of RNAi. Interestingly, CMV, a close
relative member of the Bromoviridae, expresses a strong RNAi suppressor (protein 2b, see Table
1).
In conclusion the proteins expressed by BMV do not have local or systemic RNA
silencing suppression activity in the experiments performed. None of the proteins were able to
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recover silenced fluorescence of GFP as shown in earlier experiments and therefore do not
possess local suppression activity. Furthermore, BMV proteins do not suppress formation of
siRNAs of 21-22nt or 25nt. The 21-22nt siRNA are linked to local silencing and the 25nt long
siRNA are linked to systemic silencing. Since the BMV proteins did not suppress the production
of either type of siRNA, they demonstrate lack of RNA silencing suppression activity. Future
studies could explore a combination of BMV proteins and the whole tested for suppression
activity.
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CHAPTER II

TRANS EFFECTS OF THE BROME MOSAIC VIRUS COAT PROTEIN IN GENETIC
RECOMBINATION OF VIRAL RNAs IN AGRO-INFECTED N. BENTHAMIANA PLANTS

Introduction

Recombination

Genetic recombination is a driving force of the heterogeneity in plus-stranded RNA
viruses. Recombination is done through a mechanism of copy choice (Galetto et al. 2006).
Therefore, during genome replication the RNA-dependent RNA polymerase (RdRp), or in the
case of retroviruses the reverse transcriptase (RT), switches from one RNA template to another
RNA template (Bujarski 2013). The position where this switch occurs is believed to be at sites
where the RT or RdRp is forced to slow down during replication due to secondary structures
(DeStefano et al. 1992, DeStefano et al. 1994, Wu 1995, Derebail and DeStefano 2004). Another
factor that promotes crossover is a sequence identity between the two strands involved in
recombination (Figlerowicz and Bujarski, 1998; Nagy et al., 1999). Transcriptional activity has
been shown also to be a factor, in BMV. The promoter of transcription of subgenomic RNA4 in
the intercistronic region of BMV RNA3 is a hot spot for recombination (Wierzchoslawski et al.,
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2004). The coat protein of BMV also promotes recombination in a trans-acting manner, meaning
that the recombination is affected through the protein level of the coat protein gene. Coat protein
binds to RNA motifs and assists with intermediates crossover (Sztuba-Solinska et al., 2012).
Another cause of template switching has been suggested, which are structured regions of the
RNA template, such as hairpins, a effect crossover events (Kim et al. 1997, Negroni and Buc
2000, Balakrishnan et al. 2001, Moumen et al. 2001, Roda et al. 2002, Balakrishnan et al. 2003,
Moumen et al. 2003, Derebail and DeStefano 2004, Chen Y et al. 2005). Generally, crossover
can occur between viral RNA of the same or different species but also between viral and cellular
RNA and is done by a replicative viral RNA crossover mechanism or nonreplicative viral RNA
crossover mechanism. The replicative viral RNA crossover mechanism in turn has four subtypes:
(I) Internal template switching by viral RdRp, where viral RdRp switches from one RNA
template to another in the middle of the RNA strand as opposed to switching from one end to
another end of the RNA strand, which is the case for (II) end-to-end template switching by viral
RdRp. (III) In the primer extension mechanism, the emerging RNA is used as a primer on the
RNA strand the RdRp is going to switching to (Cheng and Nagy 2003, Dzianott et al. 2001). (IV)
Replicase snatching at promoter regions, which is facilitated by premature dissociation of the
replicating enzyme at the promoter region and the re-initialization at the acceptor RNA strand
(Wierzchoslawski and Bujarski 2006, Sztuba-Solinska et al. 2011b). The nonreplicative viral
RNA crossover mechanism has three subtypes, consisting of (I) transesterfication reactions, (II)
end-to-end template switching, and (III) primer extension mechanism. (I) Transesterfication
reactions do not use a replication enzyme and are done through a nucleophilic attack of the 3’
hydroxyl of one RNA strand to the phosphodiester bond of another RNA strand and formation of
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a new 3’,5’-phosphodiester bond. The thereby created recombinant RNA is done without a
replicating enzyme (Chetverin et al. 1997, Lutay et al. 2007). (II) In end-to-end template
switching, analyses of intermolecular RNA-RNA recombination by rubella virus have shown
that a nonreplicative transcript functions as a promoter for minus-strand synthesis, suggesting an
end-to-end replicase switch after initiation of synthesis (Adams et al., 2003). (III) A primer
extension mechanism has been shown to employ replicase that uses transesterification to
promote recombination in the bacteriophage Qbeta (Chetverin et al. 2005, Bujarski 2013).

Introduced Mutations in BMV CP

Mutations were introduced to investigate the coat protein’s ability to promote
recombination in a trans-acting manner and to elicit CP’s aptitude to bind RNA motifs and
intermediate crossover.
K2/R2 mutations are introduced into CP (B-box), see Figure 15. The B-box is an RNA
motif found in the intercistronic region of RNA3 and at the 3’ end of sgRNA3a of the BMV
genome at position 1100-1110 nt. The B-box is a CP binding site and an alteration in this B-box
RNA sequence downregulated recombination in RNA3 in protoplasts (Sztuba-Solinska et al.
2012). The B-box is part of the bigger replication enhancer (RE), which is in turn part of the 250base intergenic region (IGR). IGR folds and thereby becomes a tRNA T!C-stem loop, which is
modified in vivo like a cell tRNA substrate (Pogue et al., 1992; Baumstrak and Ahlquist, 2001).
The B-box is important for the assembly of the BMV replicase complex in which the 1a
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Figure 15: Mutations introduced in K/R series. Mutations introduced in each K/R pair are labeled
in red. Additional introduced restriction sites marked in yellow were used to test the stability of
the proximate mutations.
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protein recruits RNA3 (Baumstrak and Ahlquist, 2001). The construct K2/R2 carries mutation
within the CP ORF that changes the aa residues T145, D148, N151, Y155, Y157, S159, V162,
P163, and K165 all into alanine. These changes were previously identified as binding domains of
CP that bind to the B-box but did not induce changes in BMV genome amplification in vivo (Yi
et al. 2009b). However the mutations showed in protoplasts decreased levels of RNA3-sgRNA3a
recombination. It is assumed that CP binding to the B-box could inhibit RdRp and therefore
induce recombinant template switches. Another predicted template switch mechanism is that
binding of CP to the B-box enables annealing of sgRNA3a to another minus RNA3 strand by
displaying the 3’ sgRNA3a end. The complementary plus-strand recombinant RNA3 will then
be synthesized from the recruited minus strand. Moreover, primer extension could be facilitated
by an interaction of the CP-sgRNA3a complex with the replicase complex at the subgenomic
promoter (Sztuba-Solinska et al. 2012).
K3/R3 mutations are introduced into CP SLC, see Figure 15. The stem-loop C (SLC) is a
tRNA-like element that is located at the 3’ end noncoding region of RNA3 at position 2040-2052
nts (Sztuba-Solinska et al. 2012). The SLC includes the promoter for minus-strand synthesis
(Zhu et al. 2007). CP binds the SLC motif as proven earlier (Rao 2006, Yi et al. 2009a, Yi et al.
2009b) and the CP domains that specifically bind to SLC were mapped subsequently (Yi et al.
2009b).
The construct K3/R3 carries mutation within the CP ORF that changes the amino
acids (aa) residues V27, P29, V30, V32, P34, Q39 and K41 all to alanine. These amino acids
(aa) were previously identified as the SLC binding domains and the resulting CP variant will
lack the SLC binding ability. A construct with the same mutations showed in protoplasts a
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reduced RNA3-sgRNA3a recombination level. An assumed explanation is that the CP that is
bound to the 3’ SLC of RNA3 attracts sgRNA3a via binding to packaging element (PE) or the
B-box of the sgRNA3a. RdRP has now a higher chance of template switching due to the closer
proximity of sgRNA3a while the CP binding to PE or to B-box acts as an additional factor that
slows down the RdRp enzyme (Sztuba-Solinska et al. 2012).
K4/R4 mutations introduced into CP (D182A), see Figure 15. The mutation introduced in
the construct K4/R4 is located in the CP ORF and resulted in changing the C-terminal region of
CP. This particular mutation has been shown to inhibit accumulation of virions in plants but
could successfully infect protoplasts (Okinaka et al. 2001). Furthermore, the resulting virions
showed no difference under electron microscope observation as compared to wild-type BMV
virions. It is therefore assumed that the mutations introduced in the C-terminal of CP inhibit cellto-cell movement caused by the lack of interactions with other viral or host proteins (Okinaka et
al. 2001). CP and the 3a protein are both needed for cell-to-cell movement, which supports this
theory (Schmitz and Rao 1996).
K5/R5 mutations are introduced into CP (F184A), see Figure 15. The mutations
introduced in the construct K5/R5 are located in the CP ORF and resulted in changes of the Cterminal region of CP. Viruses with these mutations failed to produce virions even though CP
and RNA replication was normal in protoplasts, suggesting that the mutated aa domains or the
RNA sequence are necessary for encapsidation or virion stability (Okinaka et al. 2001).
K6/R6 mutations are introduced into CP (R10P), see Figure 15. The mutations introduced
in the construct K6/R6 are located in the CP ORF, near the CP N-terminus. The N-terminal
region of CP harbors an arginine-rich RNA binding motif (ARM), which consists of aa 9 through
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21 with six arginine residues. The ARM forms a "-helix that is essential for RNA binding and
encapsidation (Choi and Rao 2000). It is furthermore hypothesized that the basic nature of the
ARM amino acids can secure interaction with the negatively charged BMV RNA (Vriend et al.,
1986). And indeed, the necessity of the N-terminal region for RNA4 encapsidation was indicated
later (Choi et al. 2000). The mutation in K6/R6 affected the N-terminal region of CP but did not
eliminate the "-helix and sustained the ability to bind to RNA. Yet the mutated CP at K6/R6 has
been proven to specifically encapsidate sgRNA4 at a much lower rate than the wt. The virions
made of the mutated K6/R6 CPs are indistinguishable by electron microscope when provided
with BMV RNA1, RNA2, or RNA3 but were not able to form virions with just RNA4, whereas
the wt formed virions. These results were not due to the altered RNA sequence, as proven by the
authors. The reason for the lack of encapsidation of RNA4 is believed to be due to the charged
nature (R to P) of the introduced amino acid in the K6/R6 mutant (Choi and Rao 2000).

Methods

Constructs

The construct R1 that harbors the wild-type (WT) RNA3, as well as the constructs that
harbor WT RNA1 and WT RNA2, was received from Prof. Kao (Gopinath et al. 2005), Indiana
University. The vector used in this construct is the binary vector pCB301 with the GenBank
accession number AF139061. The BMV cDNA was cloned in the T-DNA region between the
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vector NcoI and XbaI restriction sites. At the 5’ end of the viral cDNA resides a Cauliflower
mosaic virus (CaMV) 35S promoter with a double enhancer cassette. At the 3’ end of the viral
cDNA is a ribozyme that stems from the avocado sunblotch viroid and the Tobacco ringspot
virus satellite RNAs (Leiser et al. 1992, Prokhnevsky et al. 2002) in order to create authentic
viral RNA 3’ ends by cis-preferential cleavage of the transcript. All other constructs are based on
the R1 construct and mutated in positions explicated in Figure 15.
K1 construct is identical to R1 except that two restriction enzyme digestion sites were
cloned into the RNA3 sequence in the region of recombination. A HindIII restriction digestion
site was introduced at position 780 and a PstI restriction digestion site was introduced at position
1190. This was the case for all of the K constructs; the R constructs, on the other hand, did not
have these restriction digestion sites.
K2 construct, besides harboring the mentioned HindIII and PstI sites, also holds an
additional PstI restriction digestion site at position 1716, in the CP ORF. This additional site was
introduced to confirm the stability of nearby made mutations that were cloned into the sequence
of CP. The mutations indicated in Figure 15 (in red) change the mutated amino acids in the CP to
alanine that in turn influences the binding properties to the B-box region (Guanghui et al. 2009,
Sztuba-Solinska et al. 2012). R1 construct has the same mutations as K2. The only difference is
that R1 does not include either the HindIII at position 780 or the PstI site at position 1190. K3
and R3 constructs both were mutated at positions marked in red in Figure 15, which changed all
the affected amino acids in the CP to alanine and thereby altered the binding properties of CP to
the stem-loop C (SLC) of the 3’ tRNA-like structure (TLS) in RNA3 (Guanghui et al. 2009,
Sztuba-Solinska et al. 2012). Together with these mutations was an ApaI restriction digestion
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site introduced at position 1324, which was used to confirm the stability of the mutations in this
region. Only the K3 construct has the HindIII restriction digestion site at position 780 and the
PstI restriction digestion site at positon 1190.
The D182A mutation sites for K4 and R4 are listed in Figure 15 and highlighted in red.
The additional restriction digestion site for K4/R4 at position 1823 is a PstI site. Only K4 has the
HindIII restriction digestion site at position 780 and the PstI restriction digestion site at positon
1190. The mutations made in both K4 and R4 constructs (D182A) prohibited the virus from
moving from cell to cell (Okinaka et al. 2001).
K5 and R5 constructs had the F184A mutations introduced, which are located at the Cterminal part of the CP, and result in the lack of virion production (Okinaka et al. 2001). The
mutations are highlighted in red in Figure 15 and were introduced together with a PstI restriction
digestion site at position 1823. Only the K5 construct has the HindIII restriction digestion site at
position 780 and the PstI restriction digestion site at positon 1190.
K6 and R6 constructs had the R10P mutations introduced, which alter the arginine-rich
RNA binding motif (ARM) located at the N-proximal region of CP and change the ability of
selective packaging of RNA4 (Choi and Rao 2000). The mutations are highlighted in red in
Figure 15 and were introduced together with a PstI restriction digestion site at position 1294.
Only K6 has the HindIII restriction digestion site at position 780 and the PstI restriction
digestion site at positon 1190.
The enzyme digestion sites that were introduced in close proximity to the mutations made
in the CP ORF for each clone were tested by enzyme digestion to confirm the stability of the
nearby mutations.
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All K/R constructs have been made by a mutagenesis approach by Mrs. Alexandra
Bujarska. Two non-overlapping primers have been created that were next to the mutation site.
The primers harbored the mutations at the 5' end and an 18nt perfect match to the pBR3 plasmid
at the 3’ end. After PCR, the template was removed through a DpnI digestion, which degrades
the methylated template. The PCR product was further purified through gel electrophoresis and
extraction. Subsequently, the PCR product was treated with T4 polynucleotide kinase to ensure
phosphorylation of the linear DNA. Ligation was done by T4 DNA ligase and the resulting
construct was used for DH5" transformation. Only the K series had additional restriction sites
(HindIII and PstI) introduced in order to analyze recombination. See schematic representation of
constructs in Figure 16.

Figure 16: Schematic representation of K constructs. The binary vector pCB301 harbors RNA3
of BMV. The ORFs of RNA3 are depicted by boxes and labeled accordingly with 3a ORF and
CP ORF. In the 3a ORF region are additional HindIII and PstI restriction sites introduced and
marked with black lines. Only the K series has the additional restriction sites; the R series does
not have these restriction sites and is designed otherwise the same. All introduced mutations in
the CP are marked in the CP ORF according to their approximate location in the CP ORF. The
left border (LB) and right border (RB) of the T-DNA sequence are indicated with labeled boxes.
Two large arrows labeled 35S show the double Cauliflower mosaic virus (CaMV) 35S promoter
elements. The 35S terminator sequence is labeled with 35S-T.
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Transient Expression of Genes in Plant Tissue

A. tumefaciens cultures were grown on a shaker for approximately 11 hours in LuriaBertani (LB) medium containing 50µg/ml kanamycin and 50µg/ml carbenicillin at 28°C and
170 rpm. After low-speed centrifugation (25°C, 10 min., 6000 rpm) the supernatant was rejected
and the pellet was resuspended in an agroinfiltration buffer (200µM acetosyringone, 10mM MES,
pH 6.8 and 10mM MgCl2). The suspension was diluted with the agroinfiltration buffer to the
final OD (OD600) of 0.2 at 600nm. The final suspension was then agroinfiltrated into 16c N.
benthamiana leaves by gently pressing the tip of a 1 ml syringe, without needle, at the bottom
side of the leaves and injecting the suspension till the growing patch in the intercellular space of
the leaves reached about 3cm in diameter. The infiltrated areas were marked and harvested four
and six days postinfiltration (dpi). The leaves of 16c N. benthamiana used for agroinfiltration
were always fully expanded. 16c N. benthamiana seedling were germinated and grown in
standard greenhouse conditions and transferred to a growth chamber at 22°C and 16 hrs of light
after infiltration.
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Total RNA Extraction from Leaf Tissue of N. benthamiana

Leaves were harvested four and six days postinfiltration (dpi) and combined in a prechilled mortar, which was used to grind the tissue homogeneously in an environment chilled by
liquid nitrogen to keep it in a frozen stage at all time. An aliquot of 100mg was used for total
RNA extraction. The aliquot was liquefied in a solution containing 1% SDS (sodium dodecyl
sulfate), 0.05M glycine, 0.05M NaCl (sodium chloride), and 0.01M EDTA (ethylenediaminetetraacetic acid) at pH = 9.5. Subsequently, an extraction was performed using an equal volume
of saturated phenol (pH 4.3) and the solution. After centrifugation (4°C for 4min at 20,800g),
the upper phase was added to an equal volume of phenol/chloroform (5:1, pH= 4.3) and agitated.
After agitation and centrifugation (4°C for 4min with 20,800g) the second extraction was done
using the upper phase and an equal volume of chloroform. The upper phase was separated by
centrifugation (4°C for 4min at 20,800g) and mixed with 2.5 times the volume of ethanol.
Samples were precipitated overnight in -20°C and the RNA thereafter pelleted for 30min at 4°C
at 20,800g and re-dissolved in the RNase-free water.
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RT-PCR

A small aliquot (4µl) of the total RNA extract was used to create cDNA covering the
entire RNA3 genome. M-MLV reverse transcriptase from Promega was used at standard
conditions for reverse transcription, 37°C for 1hr, followed by incubation at 95°C for 5 min to
inactivate the reverse transcriptase enzyme. The reverse primer used for reverse transcription had
the following sequence: 5’-GGCGCGAATTCTGGTCTCTTTTAGAGATTTACAGTG-3’.
Polymerase chain reaction (PCR) was subsequently done using GoTaq( polymerase from
Promega. The same reverse primer that was used during reverse transcription was employed
during the PCR step in combination with the following forward primer, 5’-GGCGAACATT
CTATTTTACCAACATCGGTTTTTTCAGTAGTG-3’. The initial denaturation temperature
was 94°C for 2 min followed by a set of 30 cycles at 94°C for denaturation, 60°C for annealing
for 30 s, 72°C for extension for 2.5min, and 72°C for final extension for 10min. As a result, a
2083-base-pair cDNA fragment was created covering almost the entire RNA3 except for the first
31 base pairs at the 5’-end.
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DNA Cloning

The RT-PCR-generated cDNA products were ligated into the pGEM(-T Easy Vector
from Promega. Ligation was achieved by incubating the solutions for 16hrs at 16°C, using T4
DNA ligase from Promega. The products were then transformed into Escherichia coli strain
DH5" competent cells by using heat shock and grown on Luria-broth (LB) agar plates under
ampicillin selection (100µg/ml). One hundred single colonies were picked, grown in liquid YTmedia (1.6% w/v tryptone, 1% w/v yeast extract, 0.5% w/v sodium chloride) under ampicillin
selection (100µg/ml), and the plasmids were extracted by using a “miniprep” protocol in order to
obtain the desired clones carrying the particular RNA3 inserts.

Enzyme Digestion

One hundred clones for individual K/R RNA3 constructs were digested with specific
restriction enzymes. In particular, each miniprep plasmid was digested with EcoRI in order to
release the insert. Only clones carrying the RNA3 insert were used to proceed. Each insertcarrying clone was then digested, first by HindIII and thereafter separately with PstI. Each clone
carrying only one of these restriction digestion sites, HindIII or PstI, was accounted as a separate
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recombination event. Clones harboring both or none of the enzyme digesting sites were
accounted as non-recombinants.

Results

Genetic recombination is the driving force of the heterogeneity in plus-stranded RNA
viruses. Recombination is done through a mechanism of copy choice (Galetto et al. 2006).
BMV CP is believed to promote recombination in a trans-acting manner by binding to RNA
motifs and thereby intermediate crossover. Five different mutations, K2/R2-K6/R6, were
introduced to the CP ORF as illustrated in Figure 17 and used to investigate their influence in
trans on recombination. K1/R1 acted as a positive control as they did not carry mutations in the
CP ORF. However, K1/R1 carried marker mutations in the 3a ORF: one marker mutation at
position 780, HindIII restriction site, and one at position 1190, a PstI restriction site.
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Figure 17: Illustration of constructs K2, K3, K4, K5, K6, R2, R3, R4, R5, R6 introduced in
RNA3. Depicted are two RNA3 strands of the BMV genome labeled as K series and R series.
The bar in black symbolizes the 3a ORF and the green bar symbolizes the CP ORF. Directly
below the green bars is the rough location of the introduced mutation of the clones K and R, one
through six indicated, whereas only the K series contains the enzyme digestion sequences Hind
III and PST I indicated above the 3a ORF. The dotted lines indicate the region of recombination.

The K and R constructs contain the full-length BMV RNA3, which harbor different
strategic mutations altering the aa sequence of CP posttranslation according to their individual
mutation. Both RNA3 strands of the respective K and R series contain the same mutation in the
CP ORF but only the K series contains the restriction sites HindIII and PstI in the 3a ORF as an
indicator for recombination. The constructs 2 through 6 were sequenced and the stability of the
mutations confirmed. The respective K and R constructs together with constructs expressing
RNA1 and RNA2 were transiently expressed in N. benthamiana through infiltration of A.
tumefaciens containing each construct. The entire BMV genome was therefore present and the
virus propagated. Total RNA was extracted from N. benthamiana after adequate incubation time
and RT-PCR performed to amplify RNA3. Total RNA was run on a denaturing agarose gel,
Figure 18, estimating RNA concentration and physical integrity of the RNA. The gel was
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subsequently blotted and hybridized with probes specific to the viral genome confirming viral
propagation, Figure 19. sgRNA4 is only transcribed during virus propagation and therefore its
presence confirms the infectivity of the constructs. All total RNA extracts showed sgRNA4
bands, showing the infectivity and propagation ability of the virus originated from all constructs.
Therefore, showing that the virus propagated, also indicated the chance to recombine via active
RNA replication.
Figure 18 shows the relative concentration of the total RNA extract by band intensity and
Figure 19 shows the rough virus concentration by band intensity. Taken together, an estimate of
virus accumulation in the plants in relation to each other was made by using densitometry, and
the data are shown in Table 2. The measured band intensities of the Northern blot bands
portraying the BMV genome were used together with the molar weight to calculate the relative
ratios of the different BMV genome RNAs, as listed in Table 3. Multiplying the intensity for
each band with the inverse molar weight was the first step of the calculation. Bringing the ratios
to the lowest denominator gave us the final ratios. The data shown in Table 2 show the relative
virus accumulation in each N. benthamiana plant agroinfiltrated with the respective K/R pairs.
The differences in virus accumulation rates are caused by the different mutations in each K/R
pair and reflect how the mutant affects virus accumulation.
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Figure 18: Denaturing agarose gel of total RNA extracted from N. benthamiana after
agroinfiltration of K/R series. Each lane showing total RNA extracted from the plant
agroinfiltrated with the respective K/R pair. Right lane labeled with BMV was run as control.
Genome strands of BMV are labeled in the BMV lane showing RNA1 and RNA2 as one band
because of their similar size, bands below representing RNA3 und following sgRNA4.

Figure 19: Northern blot of total RNA extract of N. benthamiana agroinfiltrated with K/R-series
constructs hybridized with BMV genome specific probe. Each lane showing the RNA extracted
from the plant agroinfiltrated with the respective K/R pair and hybridized with radioactive
oligoprobe to detect the accumulation of BMV RNA components. Right lane labeled with
Positive C was run as a control with the BMV-extracted RNA. Genome strands of BMV are
labeled showing RNA1 and RNA2 as one band because of their similar size, bands below
representing RNA3 und following sgRNA4.
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Table 2: Relative virus accumulation in each N. benthamiana plant agroinfiltrated with the
respective K/R pairs. The pairs of constructs are shown in the upper row. Virus concentration
was calculated based on measuring band intensities of the Northern blot exhibiting only viral
genome bands divided by band intensity of total RNA bands of the RNA denaturing gel
preceding the Northern blot. Ratios were set in relation to each other as shown in the lower row.
K/R series

K1/R1 K2/R2

Virus
accumulation

200

K3/R3

K4/R4

K5/R5

K6/R6

18

1

22

59

2

Table 3: Relative BMV genome RNA strand ratios in each N. benthamiana plant agroinfiltrated
with the respective K/R pairs. The constructs are shown in the upper row. BMV genomic RNA
ratios were calculated for each K/R pair by densitometrically measured band intensities from the
Northern blot micrographs. Molar weights were taken into account to adjust for different band
sizes. Ratios are calculated among RNA1,2 and RNA3 and sgRNA4. RNA1 and RNA2 are
grouped together as they appeared as one band on the Northern blot because of their similar size.
K1/R1
RNA1,2
RNA3
sgRNA4

K2/R2
1
3
10

K3/R3
1
4
59

K4/R4
1
6
32

K5/R5
1
15
116

K6/R6
1
15
50

1
9
3

Results of Table 3 show the effect that the different mutations have on the BMV genome
RNA strand ratios. Specifically K6/R6 stands out with the lowest sgRNA4 encapsidation.
The individual RNA3 strands were analyzed by restriction enzyme digestion after cloning of the
RT-PCR product. At least a 100 individual RNA3 constructs per each K/R pair were tested by
restriction enzyme digestion to determine if HindIII and/or PstI marker restriction sites were
present or absent in 3a ORF of RNA3, as illustrated in Figure 17. Results for all six K/R-pairs
are listed in Table 4.
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Table 4. Recombination activity of BMV RNA3 K/R pairs in N. benthamiana leaves. Test results
for recombination analyses. Each K/R construct is represented in separate rows. Continuously,
for each K/R pair is the number of clones listed that were analyzed as K strands and as R strands.
The R/K column shows the ratio of K and R series found within the identified group of clones,
followed by the number of recombinants within that group. The recombinants are further divided
into clones that had either only the PstI or the HindIII restriction site. The last two columns show
the total number of clones and the percentage of recombinants within the group of analyzed
clones.
K/R
K
R- R/K RecomPair strand strand
binants
K1/R1
31
41 1.3
0
K2/R2
14
37 2.6
0
K3/R3
9
33 3.7
1
K4/R4
15
34 2.3
4
K5/R5
27
41 1.5
2
K6/R6
30
24 0.8
1

only
PstI
0
0
1
0
1
1

only Total number
HindIII
of clones
0
72
0
51
0
43
4
53
1
70
0
55

% Recombination
0
0
2.3
7.5
2.9
1.8

One hundred clones per K/R pair were analyzed by HindIII and PstI restriction digestion.
If clones contained both restriction sites, they were considered a copy from the original K series.
In this case no recombination in the region of interest had occurred. If the clones contained none
of the restriction sites, they were considered to be copies of the original R series and had not
recombined within the region of recombination illustrated in Figure 17. If the clones contained
only one restriction site, either HindIII or PstI, a recombination event must have taken place.
These clones were considered recombinants. The highest number of recombinants occurred
within the K4/R4 pair (7.5% frequency) while having at the same time the lowest rate of virus
accumulation. The lowest rate of recombination had the mutation K2/R2 with 0%. Surprisingly,
the positive control showed no recombination either, which we attribute to environmental factors,
host stage, or an aphid infestation that occurred only in these plants. The K1/R1 series has to be
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repeated, especially since the data concerning the wt are already available. The recombination
frequency in the wt RNA3 has been at about 38.8% level, as reported before (Bruyere 2000,
Dzianott et al. 2001, Wierzchoslawski and Bujarski 2006, Sztuba-Solinska 2011a). Based on
that, all CP mutations appear to decrease the recombination rate. Virus accumulation was also
greatly reduced by at least 3-fold. Viral genome ratio was altered the most for K4/R4, which had
a highly increased sgRNA4 accumulation, and K6/R6, with the lowest sgRNA4 concentration.
K6/R6 was the only construct showing a lower sgRNA4 accumulation as compared to the RNA3
density.

Discussion

Mutations were introduced to investigate the coat protein’s ability to promote
recombination in a trans-acting manner and to elicit CP’s aptitude to bind RNA motifs and to
mediate the crossover events. Mutated RNA3 constructs were agroinfiltrated into the host N.
benthamiana and recombination rate, virus accumulation, and genome ratio were measured.
K2/R2 had the most mutations introduced, one of the lowest virus accumulations rates, and no
recombination was detected for this construct. All mutations in the K2/R2 construct were made
in the CP ORF and changed the amino acids (into alanine) of CP in regions that were previously
identified as binding domains of CP that bind to the B-box of RNA3. It is assumed that CP
binding to the B-box could inhibit RdRp and therefore induce recombinant template switches
(Sztuba-Solinska et al. 2012). The mutations in K2/R2 reduced or abolished binding of CP to the
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B-box and, as a consequence, downregulated recombination rate to the observed 0%, which
strengthens the theory that CP binding to the B-box inhibits RdRp and induces recombinant
template switches. Another predicted template switch mechanism is that binding of CP to the Bbox enables annealing of the nascent + RNA3 strand to another minus RNA3 strand by
displaying the 3’ RNA3 end. Then the complementary plus-strand recombinant RNA3 will be
synthesized from the recruited minus strand. In addition, primer extension could be facilitated by
an interaction of the CP-sgRNA3a complex with the replicase complex at the subgenomic
promoter (Sztuba-Solinska et al. 2012). The reduced recombination rate of K2/R2 was also
observed in barley protoplasts. Additionally an alteration in the B-box RNA sequence
downregulated recombination in RNA3 in protoplasts (Sztuba-Solinska et al. 2012).
K3/R3 also has a low recombination frequency with 2.3%. It carries mutation within the
CP ORF that changes the aa residues previously identified as the stem-loop C (SLC) binding
domains (Rao 2006, Yi et al. 2009a, Yi et al. 2009b). The SLC includes also the promoter for
minus-strand synthesis (Zhu et al. 2007). It is assumed that CP that is bound to the 3’ SLC of
RNA3 attracts RNA3 via binding to packaging element (PE) or the B-box of the RNA3. RdRP
has now a higher chance of template switching due to the closer proximity of RNA3 while the
CP binding to PE or to B-box acts as an additional factor that slows down the RdRp enzyme,
overall resulting in recombination (Sztuba-Solinska et al. 2012). The resulting CP variant of
K3/R3, however, lacks the SLC binding ability, showing reduced recombination frequency and
thus reinforcing the described assumption. Similar observations have been made with a construct
with the same mutations showing in protoplasts.
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The mutation introduced in the construct K4/R4 resulted in changing the C-terminal
region of CP. This particular mutation has been shown to inhibit accumulation of virions in
plants but could successfully infect protoplasts (Okinaka et al. 2001). It is therefore assumed that
the mutations introduced in the C-terminal of CP inhibit cell-to-cell movement caused by the
lack of interactions with other viral or host proteins (Okinaka et al. 2001). CP and the 3a protein
are both needed for cell-to-cell movement, which supports this theory (Schmitz and Rao 1996).
Indeed, out of all constructs, K4/R4 showed the lowest virus accumulation, which is possibly due
to the lack of cell-to-cell movement and the thereby reduced number of infected cells. In
addition, K4/R4 had the highest recombination frequency, which is not surprising since this
mutation is not associated with recombinant template switch reduction.
The mutations introduced in the construct K5/R5 also resulted in changes of the CP Cterminal region. In earlier studies, viruses with these mutations failed to produce virions even
though CP and RNA replication was normal in protoplasts, suggesting that the mutated aa
domains or the RNA sequence are necessary for encapsidation or virion stability (Okinaka et al.
2001). Here, K5/R5 exhibited reduced virus accumulation, and even though recombination
occurred, it was also reduced. Reduced accumulation rates could be due to the reason that no
virions were able to form as shown before. The reduced recombination rate could also be
explained by the observed effect of failed RNA encapsidation since encapsidation is facilitated
by protein RNA interaction. CP interacting with RNA slows down RdRp and thereby induces
recombination, which is not possible for the created mutant CP.
The mutations introduced in the construct K6/R6 are located near the CP N-terminus. The
N-terminal region of CP harbors an arginine-rich RNA binding motif (ARM), which is essential
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for RNA binding and encapsidation (Choi and Rao 2000). It is furthermore hypothesized that the
basic nature of the ARM amino acids can secure interaction with the negatively charged BMV
RNA (Vriend et al., 1986). And indeed, the necessity of the N-terminal region for RNA4
encapsidation was proven later (Choi et al., 2000). The mutation in K6/R6 affected the Nterminal region of CP but sustained the ability to bind to RNA. Yet the mutated CP at K6/R6 has
been proven to specifically encapsidate sgRNA4 at a much lower rate than the wt in vivo in C.
quinoa and in vitro in protoplasts (Choi and Rao 2000). This was further confirmed; the K6/R6
construct out of the six constructs had the lowest sgRNA4 accumulation (see Table 3). The
reason for the lack of encapsidation of RNA4 is believed to be due to the charged nature of the
introduced amino acid in the K6/R6 mutant (Choi and Rao 2000). The lower encapsidation rate
of sgRNA4 is most likely due to a reduction in CP RNA interaction, which would also explain
the lower recombination rate.
Overall, the construct series K/R has been shown to be a very useful tool in researching
recombination in different hosts. The results obtained were similar to earlier studies in different
hosts, confirming and strengthening the theories on the molecular mechanisms of BMV RNA
recombination in regards to the CP being trans-active in recombination. Furthermore, CP’s role
in cell-to-cell movement, sgRNA4 encapsidation, and overall recombination influence could be
elicited.
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CHAPTER III
ENCAPSIDATION OF HOST RNAs BY BROME MOSAIC BROMOVIRUS

Introduction

Packaging of the viral genome into virion particle is believed to be a favorable and
efficient process, since almost no host RNA is embedded in the virion even though encapsidation
of most positive-stranded plant RNA viruses occurs in compartments of the cytoplasm full of
numerous kinds of host RNAs. Typically, viral RNA packaging is facilitated by an interaction
between the coat protein and an RNA signal (Rao 2006, Weber and Bujarski 2015). This RNA
signal can be, for example, in the case of Tobacco mosaic virus (TMV), a 69 nt region located in
the MP ORF (Zimmern 1977). For BMV, two elements have been reported to be necessary for
packaging RNA3. The nucleating element (NE), a highly conserved 3' tRNA-like structure (Choi
et al. 2002, Damayanti et al. 2003), and the position-dependent packaging element (PE), which is
cis-acting and consists of 187 nts of the nonstructural movement protein (MP) gene, are both
required for RNA3 packaging (Choi and Rao 2003). RNA3 gets co-packaged with sgRNA4 as
illustrated in Figure 20.
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Figure 20: This model illustrates the consecutive packaging of RNA3 first and subsequently
sgRNA4. The blue band represents RNA3, the green band represents sgRNA4, and the yellow
ovals represent CPs. First, CP binds to the nucleating element (NE) and position-dependent
packaging element (PE) of RNA3 and encapsidates it into the virion. Subsequently, CP binds to
sgRNA4 through its N-terminal arginine-rich motif, which is exposed on the virions surface, and
co-encapsidates the sgRNA4 (Sztuba-Solinska and Bujarski 2008).

The packaging of BMV RNAs 1 and 2 has not been characterized yet (Chaturvedi and Rao 2014).

Despite all these security measures virions have been proven to carry non-viral RNA in small
quantities. The Flock house virus (FHV) virions were found to package 1% of the total
encapsidated RNA with host RNA. Included in the RNA discovered were transposable elements
and mRNA (Routh et al. 2012a). FHV is a nonenveloped single-stranded RNA insect virus.
Three hundred FHV virions are needed to infect a single cell, thus delivering 4.5kb of host
genetic material from one host to the next, which is potentially enough to transfer complete
genes.
A transfer of genetic material at this scale can potentially facilitate horizontal gene transfer
(HGT). HGT is defined as the direct transportation of genetic material from one organism to
another organism in a manner that does not facilitate sexual or asexual parent to offspring
transfer. Thereby genes are transferred to another organism, which influences the genomes of all
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organisms. The increasing use of Next Generation Sequencing (NGS) reveals that a major part of
genomic sequences have been shaped by HGT (Keese 2008). For instance, nearly 50% of the
genetic information of the human genome comprises of mobile genetic sequences fundamentally
acquired due to HGT (Lander et al. 2001).
HGT can occur between related organisms as well as distantly related species, such as
viruses and animals or viruses and plants (Koonin et al. 2001; Hughes and Friedman 2005). Also
viruses themselves undergo frequent HGT, usually with viruses that share the same host and coinfect the same cell by chance. As well, examples of virus-mediated HGT exist in bacteria.
Bacteriophages, which are an example of vectors for trans-species lateral movement of bacterial
genomic islands (GEI), have been a driving force during evolution of bacteria. GEI’s can
commandeer the terminase-packaging system of viruses for their benefit and introduce HGT
(Juhas et al. 2009).
At this point, it is unclear how RNA viruses facilitate HGT of host genetic material among
different plant species, but theoretically, once the donor RNA genetic element enters the cell, it can
be reverse transcribed into ds-DNA and then be integrated into the genome of the recipient plant.
Three basic mechanisms of functional integration are known: (i) break-and-join, (ii) template
strand switching by DNA polymerase, (iii) autonomous replication (for larger elements). The first
two mechanisms can be, in essence, considered as recombination processes, including homologous
site-specific or non-homologous cross-over events.
In plants, viruses have been considered as vectors for HGT (Gao et al. 2014) but at present
plant RNA viruses have not been reported to co-encapsidate host RNA and thereby facilitating
HGT by transferring genetic material among their hosts. Nevertheless, the viral contribution to
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HGT at the evolutionary scale might be significant since plant viruses usually infect a wide range
of host species. This wide host range among plant RNA viruses can most likely be ascribed to the
type of packaging mechanism rather than plant characteristic (Speir and Johnson 2012, Ni et al.
2014). As mentioned previously, BMV is a tripartite virus and it encapsidates its genome into three
separate virions. RNA1 and RNA2 are individually packed whereas RNA3 is co-packaged with
subgenomic RNA4 (Lane and Kaesberg 1971; Rao 2006). All three virions are made of 180
subunits of the CP that make up a T=3 icosahedral symmetry (Lucas et al. 2002). The size of BMV
virions is about 28nm and they are most stable at pH 5 or lower (Chen et al. 2005).
Like packaging, BMV genome replication is a highly complex mechanism and it occurs,
like for all positive-sense RNA viruses, in membrane-bound vesicles. The 1a protein of BMV,
encoded by BMV RNA1, induces spherule-forming endoplasmic reticulum invaginations in the
membrane in which BMV RNA synthesis takes place (Restrepo-Hartwig and Ahlquist 1999,
Schwartz et al. 2002). Furthermore, the 1a protein attracts the viral RNA genome and the 2a
protein, encoded by BMV RNA2, both needed for replication (Chen et al. 2001 and Diaz et al.
2012).
SBLV (Spring beauty latent virus) is closely related to BMV and it is also a member of the
genus Bromovirus. The positive single-stranded genome of SBLV consists, just like the BMV
genome, of RNA1, RNA2, and RNA3 (Lane, 1981; Fujisaki et al. 2003). Similar to BMV, SBLV
encodes RNA1 for 1a protein, RNA2 for 2a protein and RNA3 for 3a protein (Mise et al., 1993;
Schmitz and Rao, 1996). RNA3 also contains the sequence of the subgenomic RNA4, which
encodes the CP (Sacher and Ahlquist, 1989). The size of SBLV is about 28nm in diameter (Figure
21) and of the icosahedral form (Valverde 1985).
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Figure 21: Transmission electron microscope picture (TEM) of SBLV virions. TEM picture is
negatively stained with uranium acetate. Magnification: 30k. Size of virions: about 27nm. This
picture was taken at Northern Illinois University by Lori Bross, core microscopy facility
manager.
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The overall objective of Project II is to analyze the RNA content of the virions tested. The
goal is to identify the sequenced RNA and examine it for host RNA and further identify the RNA
types. The further aim is to draw a conclusion about the amount of host RNA co-encapsidated and
the type of host RNA co-encapsidated and its relation to the virus and host as well as the
possibility of horizontal gene transfer.

Methods

Virus Preparation

BMV and SBLV viruses were mechanically inoculated onto leaves of five-week old wt N.
benthamiana seedlings. The inoculation buffer used for BMV contained 0.01M NaH2PO4 and
0.01M MgCl2, pH=6.0, whereas 0.01M NaH2PO4 pH=7.0 was used to inoculate SBLV. N.
benthamiana seedlings were germinated and grown in standard greenhouse conditions and
transferred to a growth chamber with 22°C and 16 hrs of light after infection. In addition, BMV
was inoculated into seven-day-old barley seedlings that were germinated and grown in standard
greenhouse conditions and transferred to a growth chamber with 22°C and 16 h of light after
inoculation.
Virions were extracted 7 days postinoculation through a harsh treatment by
homogenizing leaves in 1 ml of extraction buffer per g of tissue. The buffer used for BMV
included 250 mM NaOAc and 10 mM MgCl2 and was adjusted to pH 5.2. Buffer used for SBLV
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extraction included 0.02M NaH2PO4(H2O), pH=7.0. The insoluble debris was removed by
centrifugation at 5000g for 5min at 4°C and the virus solution was subsequently purified by a
chloroform clarification step through a chloroform extraction. The chloroform clarification will
weaken rRNA-ribosome interactions. The supernatant was then layered on a 20% sucrose
cushion (W/V, sucrose/in extraction buffer) and ultracentrifuged for 5hrs at 25,000 rpm at 4°C
(Beckman Ultracentrifuge L8-70M, SW28 rotor). The pelleted virus was re-dissolved overnight
in 500µl extraction buffer and treated with RNase and DNase. In particular, the re-dissolved
virus was incubated with 10" DNase I reaction buffer (NEB) (10 mM Tris pH 7.6, 2.5 mM
MgCl2, 0.5 mM CaCl2), 20 U of DNase I (NEB), and 0.5 µg of RNase A (Roche) at room
temperature for 2 hrs (Routh et al. 2012)a. The RNase/DNase treatment ensures degradation of
any co-purified RNA/DNA that is not in the virion capsid. The last step of centrifugal
concentration ensured the removal of RNase and DNase enzymes, which was done with Amicon
Ultra 4-5 ml concentrators (UFC810024) at 5000g for 20 min. The virus was cleaned by washing
with buffer solution four times before being washed off the membrane in buffer solution. Buffer
used for SBLV storage included 0.01M NaH2PO4(H2O), pH=7.0. Buffer for BMV contained
0.05M sodium acetate, 0.01 M acetic acid, 1mM Na2EDTA, and 1mM magnesium chloride.

Extraction of Encapsidated RNA

The virions in the purified virion preparation were lysed by 0.5% SDS (W/V), 50%
phenol and 0.5% RNA extraction buffer (0.5M glycine, 0.5M sodium chloride, 0.1M EDTA at
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pH=9.5). The solution was centrifuged at 4°C for four min at 20,800g after agitation. The upper
aqueous phase was then extracted with the same volume of phenol-chloroform
(phenol/chloroform 5:1, pH=4.3) by vigorous agitation, followed by centrifugation at the same
speed and temperature (4°C for 4 min at 20,800g). Subsequently an equal volume of chloroform
clarification was done and again centrifuged (4°C for 4 min at 20,800g). The upper phase was
then supplemented with 2.5 times volume of ethanol in order to precipitate the RNA and stored
at -20°C overnight. Finally, the RNA was pelleted for 30 min at 4°C at 20,800g and re-dissolved
in RNase-free water. Thereafter, the encapsidated RNA was analyzed on a denatured agarose gel
to confirm its integrity, i.e. the presence of intact viral RNA.

Sequencing

RNA was processed for sequencing using the Wafergen PrepX RNA-Seq Library Kit at
the DNA Services Facility at the University of Illinois at Chicago and sequenced on an Illumina
HiSeq2000 instrument at the W.M. Keck Center for Comparative and Functional Genomics at
the University of Illinois at Urbana-Champaign.
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Sequence Analysis

Reads were processed by trimming with a quality score (p < 0.05) using Dynamic Trim
(CITE). Trimming eliminates low-quality assemblies to avoid the incorrect sequences
construction. Reads that originated from the BMV or SLBV genomes were identified by
mapping all reads to either the three BMV genomic RNA sequences (NC002026-NC002028) or
the three SLBV genomic RNA sequences (NC004120-NC004122). All reads were mapped
using Geneious Pro v. 8.1.2. Reads that could not be mapped to their respective viral genome
were separated as a subset that will henceforth be referred to as a co-encapsidated read (CR) set.
Each CR set was categorized according to sequence identity to known sequences. Blastn was
used to detect sequence similarity between reads and references and categorize each as
ribosomal, mRNA, non-coding (nc) RNA, organelle, transposable elements, or nuclear genomic.
The CR sets were queried for mRNA and ncRNA sets from A. thaliana, as the genome for this
plant is best annotated and exhibits sufficient homology to both H. vulgare and N. bethamiana.

Results

BMV and SBLV respectively were mechanically inoculated into 5-week old N.
benthamiana plants. BMV was additionally inoculated into 7-day-old barley. Virions were
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extracted 7 days postinoculation. Leaf tissue was homogenized in a suitable buffer respective to
the virion and the insoluble debris was removed by centrifugation. Subsequently the virus
solution was purified by a chloroform clarification step to remove most of the plant components
at the early stages of purification. The purpose of the organic solvent chloroform was to disrupt
ribosomes, phytoferritin and ribulose biphosphate carboxylase (Milne 1988). The aqueous
supernatant was then layered on a 20% sucrose cushion and the virions were isolated to purity by
ultra-centrifugation by a well-established protocol (Schneemann and Marshall 1998, Banerjee
and Johnson 2008). The pelleted virus was re-dissolved in buffer solution and treated with
RNase and DNase (Routh et al. 2012a). The last step of centrifugal concentration ensured the
removal of RNase and DNase enzymes.
The extraction of the encapsidated RNA of purified virions was done through phenolchloroform purification after lysing with SDS. Thereafter, the encapsidated RNA was analyzed
on a denatured agarose gel to confirm the presence of intact viral RNAs (Figure 22).
The extracted RNA was then processed for sequencing using the Wafergen PrepX RNA-Seq
Library Kit at the DNA Services Facility and sequenced on an Illumina HiSeq2000 instrument.
Reads were 50 bp and shorter with a mean length of 49.9 bp. Reads that originated from the
BMV or SLBV genomes were identified by mapping all reads to their respective genome. Reads
that could not be mapped to their respective viral genome were separated as a subset that will
henceforth be referred to as the co-encapsidated read (CR) set. Each CR set was categorized
according to sequence identity to known sequences. Blastn was used to detect
sequence similarity between reads and references and categorize each as ribosomal, mRNA, noncoding (nc) RNA, organelle, transposable elements, or genomic. Results are listed
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Figure 22: Denatured agarose gel of extracted RNA from virions after purification treatment.
Left lane: RNA extracted from BMV, which was in turn extracted from N. benthamiana (N.B.)
plants. Middle lane: RNA extracted from SBLV, which was in turn extracted from N.
benthamiana (N.B.). Right lane: RNA extracted from BMV, which in turn was extracted from
barley. The arrows point to the bands representing viral genome. From top to bottom RNA1 and
2, which run together because of their similar size, followed by RNA3 and the smallest size band
and the bottom representing subgenomic RNA 4 (sgRNA 4).
in Table 5. The CR sets were queried for mRNA and ncRNA sets from A. thaliana as the
genome for this plant is best annotated and exhibits sufficient homology to both H. vulgare and
N. bethamiana.
Over 99.3% of the reads from RNA encapsidated by BMV that infected H. vulgare
exhibited homology to the BMV genome, suggesting that the content carried by BMV
propagated in H. vulgare is to 99.3% its own genome. To a similar level carries SBLV
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Table 5: Sequence results of BMV barley, BMV N.B., and SBLV N.B. The three sample
columns, BMV barley, BMV N.B., and SBLV N.B., show the reads sequenced from RNA
encapsidated by BMV purified from barley, BMV purified from N. bethamiana (N.B.), and
SBLV purified from N. bethamiana (N.B.) respectively. Breakdown of the entire reads in
numbers and percent is shown vertically, divided into viral and non-viral reads and percentile.
The non-viral reads/percentile are furthermore subdivided into RNA originated from
chloroplasts, mitochondria, ribosomes, non-coding RNA (ncRNA), messenger RNA (mRNA),
transposable elements, and genomic RNA. Genomic RNA generated a hit when used to BLAST
a full genome but could not be more specified to a subgroup. The row labeled with organelle is
the combination of reads/percentage of chloroplasts and mitochondria RNA.

Total reads

Total %

Co-encapsidated %

Total reads
Reads viral
% Viral
Reads non-viral
% Non-viral
Reads chloroplast
Reads mitochondrial
Reads ribosomal
Reads mRNA
Reads ncRNA
Reads transposable elements
Reads genomic
% Chloroplast
% Mitochondrial
% Ribosomal
% mRNA
% ncRNA
% Transposable elements
% Genomic
% Total identified
% Chloroplast
% Mitochondrial
% Ribosomal
% mRNA
% ncRNA
% Transposable elements
% Genomic
Total % identified
% Organelle

BMV Barley
48356355
48040339
99.34648507
316016
0.653514931
205
82
2445
93
34
164
581
0.000423936
0.000169574
0.005056212
0.000192322
7.03113E-05
0.000339149
0.001201497
0.007453002
0.064870133
0.025948053
0.773695003
0.02942889
0.010758949
0.051896107
0.183851451
1.140448585
0.090818186

BMV N.B.
48937146
43065060
88.00075918
5872086
11.99924082
154955
6603
5211967
69719
81940
147863
287334
0.31664086
0.013492818
10.65032889
0.14246642
0.16743927
0.302148801
0.587149075
12.17966614
2.63884078
0.112447263
88.75835606
1.187295281
1.39541553
2.518065982
4.893218526
101.5036394
2.751288043

SBLV N.B.
52442683
51711626
98.60598856
731057
1.394011439
10325
640
260476
4559
1823
12245
296763
0.019688161
0.00122038
0.496687021
0.0086933
0.003476176
0.023349301
0.565880659
1.118994999
1.412338573
0.087544473
35.63005347
0.623617584
0.249364961
1.674971993
40.59368832
80.27157937
1.499883046
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propagated in N. bethamiana over 98.6% of its own genome, whereas BMV that infected N.
bethamiana encapsidated only up to 88% viral RNA. The remaining non-viral RNA
encapsidated by each virus, here referred to as co-encapsidated reads (CR), was further
identified. See Table 5 for a breakdown of the identities for each co-encapsidated read.
Within each set of co-encapsidated reads, the proportion that could be identified was
100% in BMV extracted from N. bethamiana, over 80% in SBLV extracted from N. bethamiana,
and less than 2% in BMV extracted from H. vulgare. The percentage given in Table 5 for total
percentage identified of RNA co-encapsidated by BMV extracted from N. bethamiana is 101.5%
because 1.5% of co-encapsidated identified reads showed homology in two subgroups and hence
when added gave a false sum of 101.5%.
The by far most abundant identified RNA co-encapsidated by BMV in both N.
bethamiana and H. vulgare is ribosomal RNA. The second most abundant identified RNA in
both BMV samples is with about equal amounts transposable elements and chloroplast RNA, if
we disregard the unspecific genomic RNA. Genomic RNA could not be specified to a subgroup
but generated a hit when used to BLAST a full genome. Both BMV co-encapsidated RNA
samples from N. bethamiana and H. vulgare show a very similar preference of co-encapsidated
RNA. BMV co-encapsidates the most ribosome RNA then genomic RNA followed by organelle,
chloroplast, and transposable element RNA. The order of composition of the RNA that BMV in
different hosts co-encapsidated varied only in the three subgroups: mRNA, mitochondria RNA,
and ncRNA. These three subgroups together make up only 2.7% of the co-encapsidated RNA in
case of BMV extracted from N. bethamiana and 0.07% in BMV extracted from H. vulgare.
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A different distribution can be observed in the identified co-encapsidated RNA of SBLV,
which was extracted from N. bethamiana. In SBLV, genomic RNA (40.6%) was the most
abundant identified co-encapsidated RNA. A slightly smaller amount was sequenced as
ribosomal RNA with 35.6%. SBLV follows then the same pattern in which the next highest
concentration of co-encapsidated RNA is transposable elements 1.7% and chloroplast 1.4%,
beside the higher amount of sequenced genomic RNA. SBLV also co-encapsidates the subgroups
mRNA, mitochondria RNA, and ncRNA with a low amount of 1% of total co-encapsidated
RNA.

Discussion

BMV propagated in its host H. vulgare showed a low co-encapsidation rate of 0.7% if
assumed that all of the non-viral sequences, including the non-identified sequences, are coencapsidated. If only identified sequences are taken into consideration, the co-encapsidation rate
drops to 0.07%. SBLV propagated in N. bethamiana has a comparable co-encapsidation rate of
1.4% of non-viral sequences and a co-encapsidation rate of 1.1% for identified co-encapsidated
sequences. Similar co-encapsidation rates have been reported for another RNA virus. The Flock
house virus (FHV) has a co-encapsidation rate of 1.1% of identified sequences and 11.3% of
non-viral sequences (Routh et al. 2012a). Only the co-encapsidaton rate of BMV propagated in N.
bethamiana was considerably higher at 12% with all sequences identified. The different coencapsidation rates of the same virus in different hosts suggest that the rate of co-encapsidation
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is host dependent. Moreover the co-encapsidation rate is inversely proportional to the viral
propagation rate in the host. BMV accumulates to a high virus concentration in H. vulgare but
shows a low co-encapsidation rate in this host. The same is true for SBLV, which has a high
virus-to-plant tissue ratio in N. bethamiana and a low co-encapsidaton rate. On the other hand,
BMV in N. bethamiana accumulates to a much lower level with a virus-to-plant tissue ratio
about ten times lower compared to BMV in H. vulgare (Ni et al. 2014) and exhibits a high coencapsidation rate inversely proportional to its propagation rate. The fact that BMV shows
different co-encapsidation rates in different hosts could be due to the host-dependent differences
in viral RNA encapsidation. It has been reported that the RNAs encapsidated by BMV reflect a
combination of host effects on the physiochemical properties of the viral capsids. BMV
encapsidates distinct relative ratios of its RNA genome and exhibits differences in its isoelectric
point, resistance to proteolysis, and contact between capsid residues and RNA dependent on the
host (Ni et al. 2014).
The type of RNA co-encapsidated, on the other hand, appears to be virus dependent, only
different viruses co-encapsidated different RNAs. BMV co-encapsidated a very similar set of
RNAs in different hosts. The Pearson correlation coefficient of the co-encapsidated RNA sets of
BMV extracted from H. vulgare and N. bethamiana is 0.99 with a p-value <0.001 and degree of
freedom of 6, which statistically proves a very strong correlation. On the other hand, the Pearson
correlation coefficient of the co-encapsidated RNA sets of BMV extracted from N. bethamiana
and SBLV extracted from N. bethamiana is only 0.62 with a p-value < 0.001 and degrees of
freedom of 6, which statistically shows that correlation is weaker.
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BMV’s most abundant identified co-encapsidated RNA by far is ribosomal RNA
regardless of its host, H. vulgare or N. bethamiana. SBLV co-encapsidated genomic RNA the
most, whereas FHV co-encapsidates mRNA predominantly (Routh et al. 2012b). However,
Nudaurelia capensis omega virus (N)V) virus-like particles (VLPs) and Flock house virus
(FHV) VLPs also encapsidate ribosomal RNA with a clear priority, showing an interesting
parallel to BMV (Routh et al. 2012a).
In any case host genetic material is co-encapsidated to a varying amount. Transposable
elements were found among the genetic material in all cases, which further strengthens the
theory of horizontal gene transfer (HGT) facilitated by RNA viruses. Major parts of genomic
sequences have been shaped by HGT (Keese 2008), but to this point, it was unclear if RNA
viruses facilitate HGT of host genetic material. It is now proven that RNA viruses co-encapsidate
genetic material of the host and theoretically transport the genetic material from one organism to
another organism where the donor genetic element enters the cell. In the cell the genetic material
can be reverse-transcribed into ds-DNA and then be integrated into the genome of the recipient
plant through known mechanisms of functional integration. HGT at the evolutionary scale might
be significant since plant viruses usually infect a wide range of host species.
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SYNTHESIS

Viruses co-encapsidate host RNA in varying amounts and possibly contribute to HGT by
serving as a vector. Most likely, the virus affects the host intensely on an evolutionary scale.
Transposable elements were found among the genetic material in all cases, which further
strengthens the theory of HGT facilitated by RNA viruses. The co-encapsidation rate of the
viruses tested seems to be host dependent and inversely proportional to the viral propagation rate
in the host. The type of RNA co-encapsidated, on the other hand, appears to be virus dependent,
only different viruses co-encapsidated different RNAs. The RNA pattern co-encapsidated
showed a strong correlation for the same virus in different hosts.
None of the proteins encoded by BMV demonstrated local or systemic RNA silencing
suppression activity in the experiments performed. The proteins were not able to recover silenced
GFP nor showed the protein the ability to suppress the two types of siRNAs, 21-22nt and 25nt.
This might give the host an advantage in host-virus interaction and empowers it to affect the
virus critically. The virus must overcome this defense mechanism. BMV might evade silencing
in membrane-bound vesicles, which are shaped through invaginations at the endoplasmic
reticulum.
The coat protein promotes recombination in a trans-acting manner, plays a role in cell-tocell movement, and affects sgRNA4 encapsidation. The five different mutated coat proteins have
been shown to be a very useful tool in researching recombination in different hosts and elicited
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the effect the virus has on itself. The results obtained were similar to earlier studies in different
hosts, confirming and strengthening the theories on the molecular mechanisms of BMV RNA
recombination in regards to the CP being trans-active in recombination. Specifically, CP’s B-box
binding domain promotes recombination most likely by slowing down RdRp, whereas the SLC
binding domain induces recombination, probably by CP binding at the same time to sgRNA3a
and bringing the two RNAs in close proximity. The C-terminus of CP also plays a role in
recombination and virion stability. RNA4 encapsidation was shown to be dependent on the Nterminus of CP.
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